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ABSTRACT 
The Ffh protein of Escherichia coli is a 48kd protein that is homologous to the 54kd 
subunit of the eukaryotic signal recognition particle (SRP). Ffh, similar to its eukaryotic 
counterpart, is important for localization of proteins to the bacterial inner membrane. Studies 
to understand Ffh function have largely depended on the use of E. coli strains that allow 
depletion of the wild type gene product. As an alternative approach to studying Ffh function, 
we have isolated a temperature-sensitive jfh mutant using a plasmid shuffling system 
developed to improve the efficiency of isolation of conditional mutations in essential genes. 
The mutant is the result of two amino acid changes in conserved regions of the Ffh protein. 
Characterization of the temperature-sensitive mutant revealed that the thermolabile protein is 
defective at the permissive temperature of 30°C, but cells rapidly lose viability upon growth 
at the non-permissive temperature of 42°C. While the jfh73 mutant is defective in insertion of 
inner membrane proteins, the export of proteins with cleavable signal sequences is not 
impaired. Furthermore, the mutant shows elevated expression of heat shock proteins, and 
accumulates increased levels of insoluble proteins, especially at 42°C. Collectively these 
results are consistent with a model that ffh is required only for the insertion and translocation 
of inner membrane proteins. 
The temperature sensitivity of the ffh15 mutant was suppressed by overproduction of 
4.5S RNA, the RNA component of the bacterial signal recognition particle. The suppression 
was due to stabilization of the thermolabile Ffh protein in the presence of elevated levels of 
4.5S RNA. This observation can be exploited as a means to isolate and characterize 4.5S 
xi 
RNA mutants and should prove useful to better understand how the structure of the SRP 
contributes to its in vivo function. 
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CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
The process whereby proteins are exported from their site of synthesis in the 
cytoplasm into or across lipid bilayers is an essential biological process in all living systems. 
Although protein export has been characterized in many cell types, it is best understood in 
the Gram-negative bacteria, Escherichia coli. In E. coli, a significant proportion of proteins 
synthesized in the cytoplasm, up to 25%, must be exported and localized to their final 
destinations where they perform diverse cellular functions. Once localized, these proteins are 
involved in a variety of biological processes, such as electron or nutrient transport, lipid 
biosynthesis, protein secretion, cell division, cell wall biosynthesis, signal transduction, and 
motility. 
The defining characteristic of Gram-negative bacteria is the existence of an outer 
membrane with a unique lipid composition. The inner membrane also called the cytoplasmic 
or plasma membrane, the outer membrane, and the intervening periplasmic space comprise 
the cell envelope of E. coli. Proteins are specifically targeted to all three of these subcellular 
compartments either by being directly incorporated into the inner membrane or by crossing 
the inner membrane into the periplasmic space. A subset of these proteins is further localized 
to the outer membrane. Proteins crossing the plasma membrane destined for the outer 
membrane proteins released into the periplasm where they undergo distinct folding events 
before they insert into the outer membrane. These posttranslocational folding processes also 
require distinct periplasmic molecular chaperones. 
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Proteins destined for the cell envelope are synthesized with export signals or signal 
sequences. Signal sequences with similar structures have been found in exported proteins in 
eukaryotes and prokaryotes suggesting the possibility that there is a common mechanism in 
protein translocation between all cellular systems. For periplasmic or outer membrane 
proteins, N-terminal signal sequences, characterized by an unusually hydrophobic stretch of 
15-30 amino acids, direct nascent proteins from the cytoplasm to specific receptors at the 
inner membrane. For many proteins, the signal sequences are cleaved by a membrane-bound 
signal peptidase during the export process. The export signals for the inner membrane 
proteins can be present in the amino terminal or internal hydrophobic domain of proteins. In 
general, these noncleavable signals are also known as stop-transfer signals and serve as a 
membrane spanning segment. 
Genetic and biochemical studies have shown that E. coli uses several pathways to 
target their exported proteins to the inner membrane. The Sec (secretion) pathway exports 
the majority of periplasmic and outer membrane proteins. The identification of the 
components of this pathway was accomplished primarily by genetic approaches, while their 
functions have been analyzed by a combination of genetic and biochemical studies. Sec-
dependent protein export utilizes cytoplasmic chaperones, such as SecB, to retain envelope 
proteins in a loosely folded conformation and to facilitate the interaction with other 
components of the export machinery. Precursor proteins are then targeted to the translocon, 
which is an export-specific pore composed of three integral membrane proteins (SecY/E/G). 
This is accomplished by the association of SecB with SecA, a peripheral membrane protein. 
This association results in a conformational change of SecA, which energizes protein 
translocation by its ATPase activity. Two auxiliary proteins, SecD and SecF, are not 
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essential for secretion but stimulate secretion up to ten-fold at low temperatures. The latter 
process involves a partial insertion of SecA itself into the SecYZE/G translocon, a process 
that is strongly assisted by the membrane proteins, such as SecG, SecD, SecF, YajC, and the 
proton gradient across the membrane. 
Recently, evidence has been presented that yet another export pathway operates in E. 
coli. Specifically, some proteins are translocated by the twin arginine translocation (TAT) 
pathway in which a pH gradient across the membrane is required. These proteins are 
characterized by a twin arginine motif of their signal sequences. This motif is also found in 
the thylacoid membranes of plant chloroplasts. In TAT-mediated translocation, the 
substrates first bind to a cofactor to form a stable tertiary structure before translocation. 
Although the process of how periplasmic and outer membrane proteins are exported 
is well understood, the mechanism whereby inner membrane proteins are effectively 
targeted, however, remains less clear. Since the early 1980's it was known that the proper 
localization of proteins to the endoplasmic reticulum (ER) membrane in mammalian cells 
exploits a ribonucleoprotein particle known as the signal recognition particle (SRP). The 
SRP, composed of 7S RNA and six protein subunits, binds newly translated secretory signal 
peptides as they emerge from the ribosome, halting translation until the SRP-preprotein-
ribosome complex interacts with a specific receptor at the ER surface. The major 
components of the eukaryotic SRP include a 7S RNA molecule and a 54 kDa protein subunit 
(SRP54). 
In E. coli, Ffh and 4.5S RNA are known to comprise the SRP. Comprised of only 
two components, it represents a minimized SRP. The Jfh gene was discovered based on its 
homology to the 54 kDa protein to the eukaryotic SRP as reflected in the name Ffh (fifty four 
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homologue). Biochemical studies showed that Ffh can be replaced by SRP54 and can also 
partially replace SRP54 in certain biochemical assays, suggesting Ffh is a functional 
counterpart of SRP54. 
The ffs gene encodes a 4.5S RNA molecule that is conformational^ and functionally 
similar to domain IV of the 7S RNA. Ffh and 4.5S RNA interact to form a complex that 
recognizes signal sequences of newly synthesized proteins when they emerge from the 
ribosomes. An additional component of the SRP pathway includes the ftsY gene. FtsY has 
homology to the sequence of a subunit of the eukaryotic SRP receptor, SRct. In eukaryotes, 
the SRP complex interacts with the receptor to initiate translocation of the polypeptide into 
the inner membrane. 
These discoveries revealed the possibility that E. coli possesses an SRP-like pathway 
that acts in the translocation of secreted proteins even though no mutation in any of the SRP 
homologues had ever been isolated. Perhaps, however, such a pathway is involved in the 
cotranslational integration of hydrophobic membrane proteins that cannot be effectively 
targeted post-translationally. Since the Sec-pathway is important primarily for 
posttranslational export, no genetic screens may have been specific enough to identify such 
mutants. Subsequent work has indeed provided evidence that several inner membrane 
proteins are specifically recognized by a direct interaction between their signal anchor 
sequences and the E. coli SRP. In this pathway, recognition occurs during synthesis at the 
ribosome and leads to cotranslational targeting of the protein to the SecY/E/G translocon that 
is mediated by FtsY and requiring GTP hydrolysis. Discrimination between SecB- and SRP-
dependent targeting likely involves the differential use of targeting signals with varying 
levels of hydrophobicity. 
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A final pathway for membrane insertion of proteins is exemplified by a small number 
of membrane proteins, such as E coli M13 phage coat protein. These proteins are made with 
a cleavable signal sequence and are spontaneously inserted into the inner membrane without 
the need for a targeting molecular chaperon and translocon. The insertion of proteins 
depends on the hydrophobicity of the signal sequence in the transmembrane segment and 
lipid bilayer in the membrane. 
Recently, the possibility of the involvement of YidC, the E. coli equivalent of the 
mitochondrial protein Oxalp, in protein export was reported. This pathway may mediate the 
insertion of N-tailed inner membrane proteins that have their large amino terminal domain 
translocated into the inner membrane. 
Evidence that the E. coli SRP is involved in the targeting of hydrophobic 
multispanning inner membrane proteins has now accumulated. These studies primarily took 
advantages of E. coli strains where SRP could be depleted. Under these conditions, 
integration of inner membrane proteins was disrupted, suggesting the SRP is required for 
efficient routing to the inner membrane. Although it is understood that Ffh functions as a 
component of the E. coli SRP, how Ffh performs its essential function is just now becoming 
understood. However, most of these insights have come from a limited repertoire of genetic 
tools as well as exploition of in vitro systems. 
Additional insights into Jfh function should be obtained by the isolation of new Jfh 
mutants. Of especial value would be conditional mutants, such as those that are temperature-
sensitive or cold-sensitive, for understanding the in vivo function of Ffh. Rapid cessation of 
Ffh function with shift cultures from permisssive to a nonpermissive temperature could 
minimize indirect physiological effects caused by the relatively slow depletion of Ffh. In 
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addition, conditional mutants could also be a valuable tool for isolation of suppressor mutants 
that may further reveal insights into the SRP structure in vivo. 
As a part of the study to elucidate the actual function of the E. coli SRP components, 
we investigated the function of Ffh in vivo using a temperature-sensitive ffh mutant. Here, 
we report the direct role of Ffh specifically for the assembly of inner membrane proteins, as 
well as provide new ways to probe the interaction of Ffh with 4.5S RNA as a functional 
counterpart of the eukaryotic SRP. Finally, a new genetic system used to isolate mutations in 
essential E. coli genes is described. 
Dissertation Organization 
This dissertation focuses on the isolation of temperature-sensitive jfh mutant and 
further functional characterization of the mutant in involvement of the inner membrane 
localization as an E. coli SRP. This dissertation begins with a literature review of general 
Sec-dependent protein export and current knowledge on the SRP-dependent protein export in 
E. coli SRP. The following chapters are then presented in journal format. The second 
chapter focuses on the plasmid shuffling system constructed to isolate temperature-sensitive 
ffh mutants. The third chapter then presents the characterization of the ffh 75 mutant and 
functional studies on the inner membrane localization. The fourth chapter reports the 4.5S 
RNA suppression of temperature sensitivity of the ffh^ mutant by stabilization of the 
thermolabile Ffh protein. The fifth chapter discusses the properties of the temperature-
sensitive ffh mutant and the role of Ffh in protein localization in E. coli. Appendix presents 
the high copy number plasmids compatible with commonly used cloning vectors, and reports 
the stabilization of Ffh protein by 4.5S RNA in vivo. 
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Literature Review 
Cellular compartments and organization of E. coli 
Cellular structure of Escherichia coli, a Gram-negative rod-shaped bacterium, 
consists of a cytoplasmic compartment surrounded by a double membrane envelope. The 
envelope of E coli consists of an inner membrane, also called the cytoplasmic or plasma 
membrane, the outer membrane, and the intervening periplasmic space. 
The inner membrane interfacing with the cytoplasm is a phospholipid bilayer, which 
provides the hydrophobic barrier needed for the differential localization of small molecules 
and ions relative to the growth medium. Proteins integral to the membrane are involved in 
transport of specific solutes as well as a variety of bioenergetic and biosynthetic reactions. 
The outer membrane of E. coli serves to protect the inner membrane from the 
extracellular milieu. The membrane contains two types of lipids, lipopolysaccharides (LPS) 
and phospholipids, as well as a set of characteristic proteins including lipoproteins and 
porins. Polysaccharide chains of LPS protrude into the medium and fulfill an important role 
in interactions with the environment. The main function of lipoprotein is structural in that it 
stabilizes the outer membrane peptidoglycan complex. Porins encoded by the ompF, ompC, 
and phoE genes produce relatively nonspecific pores and channels that allow the passage of 
small hydrophilic molecules across the outer membrane. 
The periplasmic space lies between the inner and outer membranes. This 
compartment consists of several distinct microenvironments created by the two boundary 
membranes and the peptidoglycan layers. Periplasmic proteins fulfill important functions in 
the processing of essential nutrients and their transport into the cell and in the biogenesis of 
the cell envelope. Periplasmic polysaccharides serve to buffer the cell from changing 
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osmotic and ionic environments and thus help to preserve a more constant internal 
environment needed for cell growth and viability. 
Protein export 
Protein export, or localization, in E. coli is defined as the process by which specific 
extracytoplasmic polypeptides translated in the cytoplasm are translocated to their final 
location in the cell envelope. In E. coli, approximately 25% of the polypeptides synthesized 
in the cytoplasm at ribosomes are targeted to a specific cellular compartment in order to 
fulfill their specific function (18). 
In E. coli, several models have been proposed as to how proteins destined for export 
are targeted for the cell membrane prior to translocation across the lipid bilayer. The best 
characterized system in E. coli is the Sec (secretory)-dependent pathway responsible for the 
export of proteins into the periplasmic space or outer membrane. 
Export signals 
Signal sequence 
Most exported proteins in both prokaryotic and eukaryotic cells are synthesized as 
precursors with hydrophobic amino-terminal extensions termed signal sequences (131). 
These signal sequences are recognized by a variety of targeting factors to direct them to the 
site of translocation across lipid bilayers. Signal sequences have been known to participate 
in several steps in the targeting and translocation of nearly all secreted proteins and some 
integral membrane proteins in both prokaryotes and eukaryotes. During or shortly after 
translocation, the signal sequence of many proteins is cleaved by a membrane bound signal 
peptidase to form a mature protein. 
9 
A signal sequence is composed of an N-terminal region containing one to three 
positively charged residues (N domain), a hydrophobic core region consisting of 10-15 
hydrophobic residues (H domain), and a more polar C-terminus consisting of the signal 
peptidase cleavage site (C domain) (134). 
The positively charged N domain is not an absolute requirement in protein targeting, 
although replacement of the positively charged N domain by negatively charged amino acids 
results in a reduction of translocation efficiency (15). The positive charge at the N domain is 
believed to play an important role in the initial steps of protein export. The N domain is 
thought to interact electrostatically with the negatively charged phospholipids of the 
cytoplasmic membrane prior to insertion of the signal peptide in the lipid bilayer (54). In 
addition to this membrane interaction, the positive charge may enhance an interaction with a 
component of the export apparatus. SecA (discussed below) cross-linking to the mature 
portion of a preprotein was found to be dependent on the net positive charge at the N domain 
of the preprotein. Furthermore, mutations in the prlD (secA) gene partially suppress a 
secretion deficiency caused by lowering the charge of the N domain (2). 
The H domain, a central hydrophobic stretch, is the most important part of the signal 
sequence. Deletion or insertion of charged residues in the hydrophobic core region cause 
severe protein export disruption (38). However, the composite physical property is more 
important than the primary amino acid sequence in protein export. For example, multiple 
amino acid changes of the alkaline phosphatase (PhoA) signal sequence caused by 
substitution of the core region of the signal sequence with polyleucine were processed in the 
same manner as the wild type (109). These studies also revealed that the total 
hydrophobicity of the H region determines the efficiency of translocation. 
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Suppression analysis has suggested a direct interaction between the H domain and 
specific components of the protein export apparatus. For example, mutations in the prlA 
(secY), prlD ('secA) and prlG (secE) genes suppress mutations in the H domain. (92). An 
experiment in which cells were treated with sodium azide, a specific inhibitor of SecA 
function also, implicated the interaction of SecA and H domain (91). 
The C domain provides a recognition site for cleavage by a signal peptidase to yield a 
mature form of the protein. The amino acids at positions —3 and —1 upstream of the cleavage 
site are recognized by leader peptidase and usually have small neutral side chains such as 
alanine, glycine, serine, and threonine (133). Replacement of the positions with bulky amino 
acids results in processing at an alternative site (41). However, processing is not essential for 
the actual translocation process. The cleavage site can be omitted, resulting in a protein that 
remains anchored to the membrane by an uncleaved signal sequence. 
For optimal signal sequence function, the combined features of the three domains is 
important (55). Consequently, if there is alteration in one domain, it can be restored by 
altering another region. For example, the addition of a positive charge in the core region of a 
signal sequence can suppress a defect caused by replacement of the positively charged N 
domain into a negatively charged N domain (123). In addition as just described, preproteins 
with a defective signal sequence can be recognized by alteration of components of the export 
apparatus. This idea was used to select mutations that restore export capabilities. This 
screening method resulted in the isolation of four classes of extragenic suppressors in genes 
involved in protein targeting such as prlA (secY), prlG (secE), and prlD (secA) (13). 
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Mature domain 
Features of the mature domain of an exported protein have also been shown to be 
important for efficient protein targeting. This was illustrated by an experiment showing that 
translocation does not always occur when a signal sequence is attached to cytoplasmic 
proteins (77). Translocation is often prevented by alteration of the net charge at the 
beginning of the mature domain. This has been proven based upon the idea of the signal 
sequence charge distribution postulated by Von Heijine. It could well be that a positive 
charge juxtaposed to the signal sequence interferes with the simultaneous insertion of SecA 
and the preprotein, because it would oppose the "positive-inside" rule (39). 
Signals for integral membrane proteins 
Proteins that are integral to the lipid bilayer of the inner membrane exhibit a wide 
variety of different topological configurations (100). For example, class I membrane proteins 
are made with a cleavable signal sequence and an internal stop transfer. The resulting 
topology is N out-C in. An amino terminal uncleaved signal sequence results in an N in-C 
out topology, which are class II proteins. A small number of proteins have uncleaved amino 
terminal start and stop signals. These are known as class HI. In class HI proteins, the N 
terminus of the signal penetrates the membrane and the topology is N out-C in. 
Stop transfer signals (anchor signals) in integral membrane proteins consist of long 
(15-20 amino acid residues) stretches of hydrophobic residues that interrupt membrane 
translocation and provide a permanent anchoring in the lipid bilayer. The anchor signal is 
followed by a few positively charged residues in its carboxy-terminus side (the side facing 
the cytoplasm). Mutations that weaken the hydrophobic character of such sequences often 
result in defective stop transfer function. Stop transfer sequences specifically interact with 
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the translocase via its hydrophobic region, and induce a conformational change of the 
translocate (111). Another possibility is that the stop transfer sequence simply exits the 
translocase as a consequence of the interaction with the hydrophobic core of the lipid bilayer. 
Uncleaved signal peptides of internal membrane proteins type H are anchored in the 
membrane by an amino terminal or integral signal peptide. Typical features of the signal 
peptide are the presence of positively charged residues on the amino terminal side and an 
apolar segment of around 20 residues. From deletion analysis, the level of hydrophobicity is 
known to be more important than the precise sequence. 
A small number of class m integral membrane proteins have an inverted uncleaved 
amino terminal apolar anchor segment with N out-C in topology. This apolar region, called a 
start stop transfer signal, is similar to the stop transfer and uncleaved signal sequence but the 
charge distribution is different. The start stop transfer has one or more negatively charged 
but no positively charged residues on its amino terminal side. 
Integral membrane proteins with two or more transmembrane segments are called 
polytopic. Topology of the polytopic proteins may be determined by a linear succession of 
start and stop signals, uncleaved signal sequences and stop transfers. This situation implies 
that the amino terminal charge and following apolar transmembrane segments are the only 
signals involved. 
Protein conformation in the cytoplasm and the involvement of molecular chaperones 
Investigation of the export of specific model proteins led to the conclusion that the 
conformation of the protein during translocation is important (101). For example, precursors 
of maltose binding protein (PreMBP) are no longer competent for translocation after folding 
into a stable protease resistant conformation (102, 120). Also large, stably-folded preproteins 
13 
fused to P—galactosidase block translocation by occupying sites for the translocation 
apparatus when expressed at high level, further indicating that preproteins must be 
maintained in a loosely folded state (120). 
The signal sequence of a preprotein, as well as the mature domain, play a role in 
decreasing the folding rate of periplasmic proteins (24, 137). These periplasmic preproteins 
fold tightly in the absence of a signal sequence. Isolation of intragenic suppressors of 
preproteins showed that reduced export efficiency due to signal sequence mutations (24). 
These suppressors have point mutations in the mature domain and result in a decreased rate 
and stability of folding. 
Another contributor to maintaining proteins in a loosely folded export competent 
conformation are chaperone proteins. In E. coli, general molecular chaperones, such as 
GroELZGroEL, DnaKZDnaJ, as well as the export-specific chaperone SecB, maintain 
appropriate conformation of exported polypepetides in the cytoplasm (51). The role of these 
conformation-modulator proteins is to facilitate protein folding under physiological or 
stressful conditions by binding to unstable proteins (22). In vitro cross-linking experiments 
demonstrated that newly synthesized preproteins, including preBla and preOmpA, are 
exported posttranslationally and form a complex with GroEL/GroE that stabilizes the 
preprotein via an ATP-dependent mechanism (14). In vivo translocation assays on the effect 
of GroEL or DnaK/DnaJ mutations on the kinetics of preprotein export showed only defects 
in preBla and prePhoA translocation. Clearly not all proteins require DnaK/DnaJ or 
GroEL/GroES for efficient export (139). 
As a molecular chaperone there are some differences between SecB and other general 
modulators in the functions. While GroEL can cross-link to both cytoplasmic and exported 
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protein, SecB does not bind to cytoplasmic proteins, suggesting that SecB is not a general 
molecular chaperone. The role of SecB as an export specific chaperone is discussed further 
below. 
Genetic analysis of protein export in E. coli 
Genetic analysis of protein export in E. coli has lead to the identification of cellular 
components and cellular factors necessary for protein translocation. Isolation of mutants 
defective in protein export resulted in the identification of six sec genes involved in the 
export process. The isolation of sec mutants was not straightforward, however, since most of 
these represent essential genes. Moreover, since a generalized export defect is likely to result 
in multiple phenotypes, screening for such mutants provided a challenge to bacterial 
geneticists studying protein export. 
lacZ gene fusions as a tool for the study of protein export 
The demonstration of the fact that 3-galactosidase (encoded by lacZ) could be 
targeted to the cell envelope was first seen using malF-lacZ gene fusions (78, 121). This and 
other similar studies revealed that 0-gaIactosidase is enzymatically active only when it 
resides in the cytoplasm and is inactive when it localized to membrane as a fusion protein. 
This phenotype was utilized to study protein export and to select and screen cellular 
components involved in protein export. Since wild-type cells expressing a MalE-LacZ 
hybrid protein are phenotypically Lac", selecting for Lac+ mutants yielded cells defective in 
protein export. 
Selection for a Lac+ phenotype yielded recessive conditional mutants unable to target 
the fusion protein to the cytoplasmic membrane under nonpermissive condition. Using this 
screening method, the secA gene was defined by conditional-lethal mutations that impaired 
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the targeting of an MBP-LacZ fusion protein. Characterization of this mutant showed that it 
had pleiotropic secretion defects under nonpermissive conditions (88). Kumamoto and 
Beckwith obtained additional mutants with the Lac+ selection and led to the discovery of 
another sec gene, namely secB (63). Exploiting the same approach with other preprotein-
LacZ fusions, the secD locus was identified (45). Mutations of secD have pleiotropic effects 
on protein export that are similar to secA and secB mutants. 
Another phenotype exploited to identify the cellular component of protein export was 
overproduction lethality. In the cells carrying malE-lacZ or lamB-lacZ fusions, 
overproduction lethality was observed when maltose was added to induce high level 
synthesis of the hybrid proteins. Because 0-galactosidase can not be fully exported across 
the cytoplasmic membrane, the hybrid protein jams the export machinery of the cells when 
produced at high levels, resulting in cell death. Mutations that blocked protein export yielded 
a MalR phenotype and led to identification of important features of the signal sequence (4, 
125). 
Other reporter sequencces have also been valuable for protein export studies. 
Alkaline phosphatase (encoded by phoA) functions only when it localized to the periplasmic 
space, but not in the cytoplasm due to its inability to form an active state in the cytoplasm 
(78). Consequently, phoA fusions have been useful to study the topology of a variety of 
membrane proteins. 
Recently a report showed that green fluorescent protein (GFP) can be used as a 
genetic tool for the isolation of different classes of export defective mutants (40). Like |3-
galactosidase, GFP does not function in the periplasmic space, but in contrast, GFP, with a 
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relatively simple conformation, did not cause lethal jamming of the protein export machinery 
when over expressed. 
Dominant suppressor mutations (prl genes) 
Preproteins synthesized with mutated signal sequences also provided the basis for 
selection of extragenic suppressors that further identified components of the export 
machinery. Export of proteins with mutated signal sequences prevents their correct 
localization and function. For example, the maltoporin encoded by lamB is required for 
growth on dextrin. LamB synthesized with mutated signal sequence, therefore, renders the 
cell Dex\ Extragenic mutations that restored proper localization of LamB were selected by 
requiring growth on dextrin (37). This selection yielded suppressors at prlA (protein 
/ocalization) and prlC. 
Further characterization of prlA revealed it to be allelic with secY, confirming the 
importance of secY in protein export. prlD suppressors were also found to be allelic with 
secA as are prlG and secE. Later, the prlH allele of secG was isolated by screening 
mutagenized secG libraries for suppressors of a malE signal sequence mutation (16). The 
prlH alleles suppress signal sequence mutations and improved MBP export with signal 
sequence mutation. 
Mutations that increase SecA synthesis 
The third genetic selection strategy exploited the observations that SecA synthesis is 
derepressed when the cellular export machinery is compromised (90). Under conditions that 
block secretion, SecA synthesis is increased up to 10-fold. Using a secA-lacZ fusion, the 
level of 0-galactosidase could be used to monitor increases in secA expression when protein 
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export is defected. Selection of expression-up P-galactosidase mutations led to isolation of 
the secE and secF genes (105, 113). 
Sec-dependent protein export 
Components of the Sec-dependent protein export system 
The proteins involved in Sec-dependent protein export are shown at table 1-1. 
SecA. SecA is an essential, autoregulated, homodimeric protein consisting of 102 
kDa in two subcellular compartments, the cytoplasm and the inner membrane (36, 89). The 
original mutation that was studied caused temperature-sensitive lethality. An excess amount 
of the protein (estimated between 1250-2500 copies per cell) might indicate that SecA has 
more than one function in protein export (71, 80). 
The SecA protein plays a central role in protein export because it interacts with most 
of the translocation components such as the preproteins, SecB, inner membrane 
phospholipids, and the integral membrane Sec Y/E/G complex (87). The inner membrane 
bound SecA can be found in two forms: approximately one-third as a peripheral protein and 
two-thirds as an integral membrane form (87). The N-terminal domain contains components 
that are responsible for binding and hydrolysis of ATP, and the C-terminal domain is 
involved in dimerization and interaction with SecY. The positively charged C-terminal 22 
residues of both monomers are responsible for SecB binding (36). 
As a dimer, SecA functions as the receptor for the presecretory protein, and likely 
catalyzes the actual initiation of preprotein translocation (87). In the absence of SecA, 
precursor proteins do not bind to the cytoplasmic membrane indicating the pivotal role of 
SecA in protein translocalization (49, 124). Temperature-sensitive secA mutants revealed 
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strong export defects for a variety periplasmic and outer membrane proteins under 
nonpermissive conditions (88). 
The hydrolysis of ATP by SecA causes the actual translocation of the preprotein by 
the mechanical insertion of a large portion of the SecA protein into the inner membrane. 
This inner membrane insertion requires preprotein, SecY/E/G complex, and ATP. Upon 
formation of association between SecA, its bound preprotein and the SecY/E/G complex, 
binding of ATP induces a 30 kDa domain of the SecA protein to insert into the membrane 
bringing the bound preprotein, as evidenced by protease accessibility studies (36). ATP 
hydrolysis then leads to the release of the preprotein and SecA, recycling SecA to the 
peripheral membrane state. Once translocation has been initiated by the first insertion-
release cycle, SecA can then bind the preprotein and ATP again to catalyze an additional 
translocation step. 
SecA may also function as a regulator of protein translation. SecA protein binds to 
the translation initiation sequences of its own mRNA molecule, thereby repressing its own 
translation (32, 106). Under conditions where export is compromised, SecA expression is 
derepressed up to 10-20 fold. Since the initiation of translocation by the insertion of SecA 
into the membrane is likely to be a rate-limiting step, it would be advantageous to place 
regulatory mechanisms at that level. 
SecB. SecB is an acidic, soluble, tetramer of identical 16 kDa subunits (64 kDa) (48, 
136). The first indication of SecB's involvement in protein targeting came from analysis of 
mutants isolated by Kumamoto and Beckwith (63). Mutations in secB caused incomplete 
translocation of the hybrid protein preMBP-LacZ through the membrane thus permitting the 
formation of an active LacZ tetramer, resulting in a Lac+ phenotype. Initial studies showed 
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that secB was essential only during growth in minimal media not in rich media. Later, 
however, it was shown to be a nonessential growth defect in rich media due to a polar effect 
on down stream gpsA, which encodes a glycerol-phosphate dehydrogenase involving in 
phospholipid synthesis (119). 
SecB functions by its ability to keep preproteins in a loosely folded conformation and 
to confer export competent preproteins to the export apparatus (25, 62, 63). In a null mutant 
of SecB, tightly folded proteinase resistant intracellular preMPB was observed, suggesting 
that SecB had precursor antifolding activity (64). SecB also blocked refolding of denatured 
purified preMBP and maintained the loosely folded conformation of preOmpA and prePhoE 
in vitro (67, 69). SecB might function in precursor binding, prevent premature folding, and 
stabilize the export competent conformation (103, 136). 
The phenotype of SecB null mutants has shown that the stabilization of a loosely 
folded protein conformation is not the only role of SecB in preprotein export (65). Even 
under conditions with no SecB, preMBP was still exported slowly, which was not expected if 
the only function of SecB was to prevent folding. This observation suggests that SecB 
simultaneously blocks folding and accelerates protein export by stabilizing the most 
favorable conformation for the export apparatus (27, 42). Indeed, the targeting role of SecB 
was demonstrated in vitro by the SecB-mediated binding of precursor proteins to inner 
membrane vesicles (IMV) (49). SecB binds and chaperones the preprotein to the membrane 
translocase by its ability to interact with SecA (44). Once SecB interacts electrostatically 
with SecA, SecA takes the preprotein from SecB and begins the translocation process (33). 
SecY/E/G translocon. The bacterial translocon consists of a heterotrimeric integral 
membrane protein complex composed of SecY, SecE, and SecG. It is homologous to the 
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eukaryotic Sec61p complex that forms the translocon of the ER membrane (94). Two 
different genetic selections including the search for the mutants with loss of protein export 
proficiency, and a search for extragenic suppressor mutants that relieve a translocation defect 
due to a mutation in the signal sequence of preproteins, identified the genes, secY, secE, and 
secG (16, 37). Two classes of mutants suggested that SecY and SecE are central components 
of the preprotein translocation apparatus with SecA. 
SecY, SecE, and SecG are all polytopic membrane proteins that span the membrane 
ten, three, and two times, respectively. The SecY/E heterodimer is essential for the 
formation of the pore of the translocase (3,92, 112). 
The association of SecA with the membrane by virtue of its affinity for SecY targets 
the preprotein to the translocon in an ATP-dependent manner (34). An isolated secY205 
mutant showed impaired interaction with SecA, where SecA was unable to insert into the 
membrane in response to interaction with preprotein and ATP (79). Suppressors of secY205 
were mapped near the two nucleotide binding sites of secA, indicating ATP-dependent 
insertion of SecA into SecY/E/G channel on membrane. A stretch of 20-30 amino terminal 
amino acids of preprotein including the signal sequence coinserts with SecA upon binding 
ATP, resulting in the exposure of the signal sequence cleavage site to the signal peptidase 
(114). 
SecG is an auxiliary small membrane protein that associates with the translocase core 
(34). Although SecG stimulates protein translocation, it is not essential for protein 
translocation (1). After insertion of the SecA-preprotein complex into the SecY/E channel, 
topological inversions of SecG may promote the insertion and deinsertion cycle of SecA. 
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SecD/F/YaiC. SecD and SecF form a complex together with a small, uncharacterized 
protein YajC, and the complex associates with SecY/E/G to form a hexameric complex (34, 
35). SecD and SecE proteins all contain multiple transmembrane domains and large 
periplasmic stretches acting to regulate preprotein translocation by controlling SecA injection 
cycles, suggesting their roles are late in the translocation process. They may help to maintain 
the proton motive force (PMF) across the membrane and to promote the release of exported 
proteins into the periplasm. They are, however, not essential for translocation. 
Signal peptidase. Signal peptidases are the enzymes responsible for cleaving the N-
terminal signal sequence from translocated proteins (100). Three types of bacterial signal 
peptidases have been identified. LepB is a cytoplasmic integral membrane protein which 
recognizes sequences with small amino acids at positions -1 and -3 (usually either an A or 
G), and a turn-inducing amino acid at position -6 (usually either a G or P). LepB cleaves 
peptides that include and extend beyond the specified region. Mutations that alter the 
recognition sequence and/or the amino acids flanking it in the preprotein can block 
processing. LepB is estimated to occur approximately 500 times per cell, which is close to 
the estimated number of translocase complexes. Most polytopic membrane proteins are not 
cleaved by LepB. 
Lipoprotein signal peptidase known as LspA (or signal peptidase II) cleaves only 
presecretory proteins that have a cysteine residue immediately following the cleavage site. 
LspA is a polytopic cytoplasmic membrane protein and is structurally unrelated to LepB. 
LspA is characteristically inhibited by the antibiotic globomycin. 
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The third signal peptidase is type IV prepilin peptidase cleaves signal sequences on 
the cytoplasmic side of the membrane. Prepilin peptidases have a highly conserved cleavage 
site and cleave only a small number of precursor proteins. 
The complete Sec-dependent protein export pathway 
Completing the genetic and biochemical studies of nearly 3 decades, the detailed 
picture of protein export has emerged (Fig. 1-1). Preprotein translocation across the 
cytoplasmic membrane is comprised of three distinct but sequential stages. In stage I, 
preproteins destined for secretion are targeted to the cytoplasmic membrane and maintained 
in translocation competent states. In stage II, translocation across the cytoplasmic membrane 
occurs through the translocase. In stage m, upon translocation across the membrane, the 
polypeptide chain is released and allowed either to processed to a mature protein, folded to 
the active conformation for periplasmic proteins, or proceed to the outer membrane for 
integration. 
In cells, proteins being exported can be discriminated over proteins that will reside in 
cytoplasm by virtue of their N-terminal signal sequence. When nascent polypeptides emerge 
from ribosomes, if a signal sequence is present, it delays the folding of the whole 
polypeptide, making it available for export. Cytoplasmic proteins synthesized without a 
signal sequence, are allowed to fold in the cytoplasm. 
SecB, an export specific molecular chaperone, recognizes and binds the mature 
domain of exported proteins. General molecular chaperones such as GroEL/ES, DnaK/J, and 
trigger factor may also participate. The preprotein-SecB complex is targeted to the 
cytoplasmic membrane through the high affinity interaction between SecB and membrane 
bound SecA, the highly dynamic, multifunctional translocation component. The mature 
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domain of the preprotein also binds to SecA and stimulates the SecB-SecA interaction. Upon 
SecB and SecA interaction, the mature domain of the preprotein is dislodged from SecB and 
transferred onto SecA that is bound to the membrane translocon, SecY/E/G. SecA undergoes 
conformational changes, resulting in the release of SecB from SecA. SecB is recycled for the 
next preprotein translocation. 
Upon binding of ATP and the preprotein to SecA, SecA and the early mature domain 
of the preprotein coinsert into the membrane at the SecY/E/G translocon, thereby initiating 
translocation of about 20 amino acids residues of the preprotein. By means of ATP 
hydrolysis, SecA can release from the membrane. Subsequently, ATP binding to SecA 
promotes the forward translocation of the next 20 amino acid residues of the preprotein. 
SecD and F stabilize the inserted SecA and keep the translocation intermediate moving 
forward. Repeated cycles of SecA insertion and release result in the complete transport of 
the secretory protein across the membrane. In addition to SecA-driven hydrolysis of ATP, 
the proton motive force can energize the translocation of the polypeptide chain. 
Once a portion of the polypeptide chain has been exposed to the periplasm, the signal 
sequence is cleaved off by the signal sequence peptidase in the membrane. The mature 
domain is released from the membrane and undergoes a folding process to create the native 
conformation for the periplasmic protein. Outer membrane proteins released into the 
periplasm as soluble intermediates undergo distinct folding until they insert in to the outer 
leaflet. This folding process requires the involvement of several periplasmic folding 
catalysts such as SKP, Sur A, and PpiD (26). 
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Signal recognition particle (SRP)-dependent protein export 
Discovering the E. coli SRP genes 
A distinction between protein export in eukaryotes and prokaryotes was thought to be 
that only eukaryotes used a ribonucleoprotein complex, the SRP, for protein localization 
since no SRP-like components were initially identified in genetic screens for export mutants. 
To further explore the machinery of membrane protein insertion, genetic approaches similar 
to those used to identify the sec genes were applied to screen for mutations affecting the 
insertion of integral membrane protein using a malF-lacZ fusion (43). The translocation of 
the fusion protein results in a portion of P-galactosidase becoming embedded in the 
membrane, resulting in a Lac" phenotype due to failure of assembly into its active 
conformation. 
It was expected that suppressor mutations selected by screening for Lac+ cells could 
result in the isolation of mutations in cellular components involved in inner membrane 
protein localization. However, the only mutations found were dsbA mutants that were 
defective in forming disulfide bonds in the periplasmic space. Apparently in wild type 
strains, disulfide bonds were formed in the exported portion of the 3-galactosidase, thus 
stabilizing the transmembrane structure of the enzyme and rendering it inactive. Inactivation 
of disulfide bond formation destabilized the transmembrane structure of the enzyme, 
allowing it to be retracted into the cytoplasm where it was enzymatically active. While these 
mutations revealed an entirely new physiological function of E. coli, they were uninformative 
as to inner membrane protein localization. 
The identification of the SRP components in E. coli largely depended on homology 
studies through data bank searches. The ffh gene was initially identified as an open reading 
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frame upstream of the trmD operon. Homology comparison showed that Ffh is very similar 
over its entire length to SRP54, the 54 kDa subunit of the eukaryotic SRP (11, 23, 107). 
4.5S RNA was first described as an RNA molecule with lower electrophoretic 
mobility than 5S RNA (53). Through sequence deducing studies, however, the RNA was 
identified as a structural counterpart of 7S RNA, an integral component of SRP (96, 122). 
The ftsY gene was identified in the fts gene cluster including fisE and X (46). 
Mutations in this operon yielded a temperature-sensitive phenotype resulting in long, 
asepatate filaments at the restrictive temperature (fts: filamentation temperature-sensitive). 
This gene product exhibits sequence homology with the SRcx, a SRP docking protein of 
eukaryotes. 
Recently, modifications have been made in the selection using a malF-lacZ gene 
fusion in order to isolate cellular components involved in the inner membrane protein 
insertion (125). By screening for a weak Lac+ phenotype, mutations in the ffs gene (encoding 
4.5S RNA) were identified that affect inner membrane protein insertion. The mutants were 
defective in the expression of sufficient amounts of 4.5S RNA. These mutants were, 
however, "after the fact", as the isolation of ffs was predicted from the identification of SRP 
components by other approaches. 
The E. coli SRP components 
Ffh. As a homologue of the eukaryotic SRP54 protein, Ffh contains a homologous N-
domain, OTP binding domains (G domains), and methionine rich, basic C-terminal M 
domain (11, 107, 108). The M domain is responsible for binding both the 4.5S RNA (an E. 
coli SRP RNA encoded by the ffs gene) and the nascent N-terminal signal sequence of a 
newly synthesized polypeptide chain as it emerges from a ribosome in the cytoplasm (6, 9, 
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60). Ffh also contains a four-helix bundle N-terminal domain and a G domain responsible 
for interacting with the SRP receptor and possibly regulating SRP function through GTP 
hydrolysis during each cycle of signal sequence binding, protein translocation, and release 
(75, 108, 145). 
The secondary structure of the M-domain suggests that there are four possible helices 
in M-domain of Ffh. These putative helices with hydrophobic residues including methionine 
clustered on one face are thought to form a groove in the M-domain. Signal sequences were 
proposed to bind with this Met-rich groove through hydrophobic interactions (11, 75, 146). 
An important breakthrough in understanding SRP core function was recently reported as 
crystal structure of a complex between the M-domain and a portion of the 4.5S RNA was 
solved (6). The Ffh M domain binds the relatively flat surface of the juxtaposed symmetric 
and asymmetric loops of the RNA through interactions between helices 2b and 3 of the Ffh 
M domain and the loops of domain IV of the 4.5S SRP RNA. Upon binding, the RNA 
undergoes significant conformational change, with the Ffh protein shape remaining relatively 
static. 
The Ffh crystal structure also yielded a model for how the SRP may bind to targeting 
signals. The proposed signal sequence binding site of the M domain is a prominent groove 
lined with hydrophobic residues (60). Signal sequence peptides at the N-termini of secreted 
or membrane proteins vary widely in sequence, but they are alpha helical and typically 
comprise a hydrophobic region of 6-15 amino acids and a short terminal stretch of 2-5 
positively charged residues. A short, a-helix representing an 18 amino acid signal sequence, 
can be modeled to fit in the hydrophobic groove of the M domain. The helix's hydrophobic 
stretch is buried in the hydrophobic groove of the M domain, and the positively charged 
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terminal region projects towards the negatively charged backbone of the RNA, near the 
tetraloop. Thus, the SRP core of the signal sequence binding site may have both a protein 
and RNA component. This could explain the role of RNA in one of the most conserved 
ribonucleoproteins. 
Some biochemical studies provided indirect evidence that E. coli SRP is a functional 
counterpart, and Ffh is involved in protein targeting as a component of the SRP. A truncated 
mammalian SRP consisting only of SRP 54 and 7S RNA retained some SRP specific 
functions, implicating the similar role of E. coli SRP consisting of Ffh and 4.5S RNA (50). 
Replacing subunits of the eukaryotic SRP by bacterial homologs led to partially active 
chimeric SRPs (12, 104). In a genetically designed E. coli strain carrying a deletion/insertion 
mutation of the chromosomal copy of the ffh gene and a complementing copy of the ffh under 
control of the araB promoter, it was shown that E. coli Ffh is essential for cell viability. 
Depletion of Ffh resulted in minor accumulation of several precursor proteins in the 
cytoplasm, suggesting Ffh might have a direct role in protein export (94). 
In vitro cross-linking assays have demonstrated that the Ffh and 4.5S RNA 
ribonucleoprotein complex functions as a signal recognition particle by specifically 
interacting with the signal sequence of a nascent export protein but not to a mutated and 
nonfunctional signal sequence of preprolactin or murain lipoprotein (73, 129). From these 
results, it was proposed that Ffh functions as a molecular chaperone specific for signal 
sequence in nascent preproteins and maintains their translocation competent formation, 
implicating the presence of an eukaryotic-like cotranslational translocation pathway in E. 
coli. 
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4.5S RNA. The presence of this small RNA molecule has been known for some time 
in E. coli. The possible role of 4.5S RNA in SRP function also first came as a result of 
homology comparisons (95). The function of 4.5S RNA was first thought to be important for 
protein synthesis, however. In 1989, Brown and Foumier found that the structural gene of 
4.5S RNA,j^ (/our point five s), is essential for E. coli cell viability (20). Growth of the 
strain whose sole copy of the gene for 4.5S RNA is regulated by the lac promoter is 
dependent on the lac inducer, IPTG. The calculated minimum amount of 4.5 S RNA 
required for cell viability is one-third that of wild type amounts. Loss of 4.5S RNA results in 
the induction of heat shock proteins perhaps due to problems with the translation apparatus 
(17). The function of 4.5S RNA at the elongation step of peptide bond synthesis was 
suggested by genetic identification of suppressors of 4.5S RNA. Some mutations in the 
structural gene for elongation factor G (EF-G), the EF-G binding site on 23S ribosomal 
RNA, and tRNA synthetases reduce the level of 4.5S RNA required to support growth by 
increasing the proportion of 4.5S RNA bound to ribosomes (19, 21, 104). 
The interaction between Ffh and 4.5S RNA was first proved by using antiserum 
against Ffh to coprecipitate 4.5S RNA (95, 104). In vitro studies further confirmed the 
formation of an RNP complex composed of Ffh and 4.5S RNA (66, 70, 110, 142). Indirect 
confirmation also came by experiments indicating that 4.5S RNA stabilizes Ffh in vivo and in 
vitro (57, 144). Recently, direct structural studies on the bacterial Ffh and 4.5S RNA 
complex and their intermolecular interactions showed that the region in 4.5S RNA 
interacting with the Ffh protein is the conserved central stem loops region (5, 6, 58, 60, 115). 
In addition, the 4.5S RNA Ffh RNP interacts with a subset of nascent polypeptides on the 
ribosome. This evidence supports the hypothetical model for the function of 4.5S RNA-Ffh 
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RNP in protein secretion in E. coli (95, 104). In strains carrying a dominant lethal mutation 
of 4.5S RNA, or in strains depleted for 4.5S RNA, a significant protein secretion defect was 
not detected on proteins with a cleavable signal sequence even though the heat shock 
response and accumulation of aberrant proteins in the cytoplasm were observed. A minor 
defect on (3-lactamase processing occurred but was attributed as a secondary effect of stress 
responses. 
It was suggested that 4.5S RNA is crucial to the function of the SRP and is not simply 
a scaffold or an adapter for interaction with another nucleic acid as in eukaryotic SRP RNA 
(9). The role of the RNA was proposed in stabilizing Ffh and FtsY by enhancing association 
of the two proteins (82). In addition to the role of 4.5S RNA in facilitating protein-protein 
interaction, it was also suggested that the catalytic activity of 4.5S RNA could serve as a 
built-in regulator for the SRP targeting cycle (93). 
FtsY. The gene product offtsY has been identified as a 92 kDa protein, and it is 
homologous in sequence to a subunit of the eukaryotic SRP receptor, SRa, in the 
endoplasmic reticulum membrane (11, 47, 107). E. coli FtsY was also shown to have 
significant homology to the G domains (GTPase domains) of the SRP54, Ffh, and SRa with 
an a-helical domain on its N-terminus (N domain) (11,107). The N-terminal A (acidic) 
domain contains a high proportion of negatively charged residues (47, 97). 
Like the mammalian homologue SRa, E. coli FtsY is also targeted to and assembled 
cotranslationally on its target membrane site. The A domain is involved in the interaction of 
FtsY with the cytoplasmic membrane (74, 117). Based on the crystal structure of the NG 
domain, this domain can be structurally divided into three segments, the N domain, GTPase 
30 
domain, and an a—(3—a insertion into the GTPase domain called the I box, which is 
characteristic of SRP-type GTPases. The I box may function as a built-in exchange factor 
(83). 
Purified FtsY stimulates the GTPase activity of Ffh in vitro, suggesting that it can 
interact with Ffh in a manner resembling the interaction of SRP54 with the SRP receptor 
(98). This was demonstrated using SRP reconstituted from purified Ffh and 4.5S RNA, and 
the interaction between Ffh, 4.5S RNA, and FtsY results in a large enhancement of the 
overall GTPase activity which poorly hydrolyzes GTP on its own (68, 81). Binding of GTP 
to FtsY is required for the release of the SRP from the ribosome-nascent polypeptide chain 
complex. 
Depletion of FtsY affects the synthesis and secretion of proteins that depend on SRP 
for proper membrane targeting (72, 117). Interestingly, the translation of Lac Y was also 
arrested in the absence of FtsY reminiscent of the translation pause in eukaryotic cells. 
Induction of FtsY released this arrest resulting in rapid restoration of expression of the 
membrane protein. Biogenesis of membrane proteins such as Lac Y and SecY is strongly 
dependent on FtsY, suggesting involvement of FtsY in cotranslational membrane protein 
assembly (117). 
The presence of FtsY in both in the cytoplasm and in association with the membrane 
indicates that it may function not only in the last stage of membrane protein targeting, but 
also in directing the translation complex to the membrane (74). Cytoplasmic FtsY was 
shown to associate with SRP bound to ribosome-nascent chain complexes in the absence of 
membrane (130). In this complex, FtsY has a direct targeting function and the affinity of 
FtsY for lipids may contribute to the targeting of nascent chain (30). The interaction of FtsY 
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with lipids is sufficient to induce a conformational change in the SRP that lowers its affinity 
for the nascent chain (116). A function of FtsY in delivering SRP-associated membrane 
proteins to the SecY/E/G translocon was proposed (130). In this model, the released 
ribosome-nascent polypeptide chain complex inserts into the SecY/E/G translocon, possibly 
at the SecA-SecY interface. 
Evidence for the involvement of the E. coli SRP in inner membrane insertion. 
Early studies on the assembly of inner membrane proteins showed that insertion of 
these proteins is not SecA-dependent (76, 138, 143). Functional integration of lactose 
permease (LacY) and mannitol permease (MtIA) into the inner membrane possibly could 
occur independently of SecA, although other interpretations are possible. There was an 
assumption that the hydrophobic multispanning membrane proteins containing uncleaved 
signal sequences are preferentially targeted in a cotranslational manner. These observations 
suggested that the E. coli SRP targeting pathway could be involved in the assembly of at 
least a subset of cytoplasmic membrane proteins. In subsequent genetic analyses, export of 
several periplasmic or outer membrane proteins failed to show significant defects in export 
following disruption of the SRP pathway through Ffh depletion or expression of dominant 
negative mutants (95, 104). Upon depletion of Ffh or FtsY, signal sequence processing 
defects were seen as only minor as compared to the defects seen when sec mutants were 
grown under nonpermissive conditions (74, 94). 
Later, the potential involvement of the SRP pathway in insertion of inner membrane 
proteins was investigated by direct analysis of model inner membrane proteins after 
disruption of the SRP pathway in vivo (28, 76, 117, 125). When E. coli cells were deprived 
of 4.5S RNA or Ffh, the membrane integration of lactose permease (LacY) was blocked, 
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suggesting a major function of E. coli SRP on the targeting and integration of hydrophobic 
cytoplasmic membrane proteins. The biogenesis of membrane proteins such as lactose 
permease and SecY is also strongly dependent on FtsY (117). Also Ffh or 4.5S RNA is 
required for proper insertion of leader peptidase (Lep) and a Lep mutant with inverted 
topology (Lep-inv). This result supported by the findings that SRP can be cross-linked in 
vitro to the first transmembrane spanning domain of Lep (129). 
Recently, mutations in the ffs gene were identified using a sensitive genetic selection 
to isolate cellular components involved in inner membrane protein insertion (125). The 
mutants were defective in expressing sufficient amount of 4.5S RNA, resulting in defective 
insertion into the inner membrane of proteins such as FtsQ and AcrB. 
SRP substrates were sought by a genome-wide screen for protein that caused lethality 
when they overexpressed in the condition of reduced levels of Ffh (Slo phenotype) (127). 
The insertion of several polytopic cytoplasmic membrane proteins was blocked, implicating 
they are SRP substrates, but the insertion of other cytoplasmic membrane proteins was 
blocked only slightly. MtlA, known as an SRP substrate in previous studies (138), escaped 
the screen and was identified as SRP-independent for its insertion. This discrepancy has not 
yet been resolved. 
A limitation in the use of depletion systems for the analysis of physiological function 
is evident. Complete depletion of essential genes or gene products may not be achieved, and 
indirect physiological side effects resulting from prolonged growth times may disguise the 
direct effects. Muller et al. tried to overcome this limitation by using biochemical studies to 
monitor the authentic function of the bacterial SRP using a cell-free system (61). Insertion of 
two multispanning membrane proteins, MtlA and SecY, into inside-out plasma membrane 
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vesicles (IMV) of E. coli required all of the SRP pathway components, Ffh, 4.5S RNA, and 
FtsY. SecA and SecB could not deliver these proteins to the membrane while the 
translocation of an export protein, preOmpA, into the membrane vesicles is SecA and SecB-
dependent. These researchers insisted that E coli SRP and SecA/SecB pathways constitute 
two nonoverlapping targeting systems for multispanning membrane protein and export 
proteins, respectively. 
However, some inner membrane proteins require SecA in addition to SRP for their 
integration into the membrane (126, 130, 140). In those experiments, all substrates that 
contain extended periplasmic loops that have to be translocated across the inner membrane 
were studied. SecA is not required when Lep has inverted membrane topology (132), but 
inverted enzyme (Lep-inv) is still SRP dependent, indicating that the translocation of long 
periplasmic moiety of membrane proteins is dependent on SecA (28). Using cross-linking 
analysis, Valent et al. showed SRP dependent targeting of nascent chains of FtsQ to both 
SecY and SecA in the inner membrane, raising the possibility that SecA plays a role in the 
transfer of the nascent chain to the core SecY/E/G translocon (130). 
The essential membrane components required for targeting and membrane insertion 
were determined using proteoliposomes composed of E. coli phospholipids and purified 
SecY/E/G complex (116). For in vitro targeting of FtsQ, SecA and ATP are not required. 
SecA is simply juxtaposed to the nascent chain due to its affinity for SecY rather than 
playing a crucial role in the initial insertion process or in the transfer of the nascent chain to 
SecY. SecA may be involved at a later stage in the insertion of inner membrane proteins, 
especially when large periplasmic domains are translocated. 
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SRP-dependent protein export 
E. coli SRP. Initial proposal that the bacterial SRP plays a direct role in protein 
targeting was not well received due to the inability to screen for mutants harboring a defect in 
protein export (4, 8, 21). However, as described above, several biochemical approaches 
provided evidence that Ffh and 4.5S RNA are functional counterpart of eukaryotic SRP 
components. SRP54 and 7S RNA, respectively and Ffh and 4.5S RNA associate, forming a 
ribonucleoprotein (RNP)-like complex similar to their mammalian counterparts (12, 95). In 
addition, Ffh-4.5S RNP can promote the efficient and accurate cotranslational targeting of a 
signal sequence bearing nascent chains when SRa was replaced by FtsY targeting (99). 
Therefore, Ffh-4.5S RNP and FtsY can work as a functional analogue of SRP and the SRP 
receptor in mediating protein. 
SRP- ribosome interaction (cotranslational translocation). Essential aspects of the 
SRP-ribosome interaction may also be conserved between bacteria and eukaryotes. In 
eukaryotes, the interaction of the SRP with the preprotein synthesizing ribosome intimates a 
cotranslational mode of signal sequence recognition (99). Signal sequence recognition by 
SRP is a cotranslational process, reinforcing the concept of an intimate SRP-ribosome 
interaction. Indeed, in a mutation in SRP19, termed sec65p (a nonessential Saccharomyces 
cerevisiae SRP component), a lethal phenotype was found, which can be suppressed by a low 
concentration of cycloheximide, an inhibitor of protein elongation. (86). At low 
concentrations of cycloheximide, protein elongation is slowed, thus allowing nascent chains 
with signal sequence to emerge more slowly from the ribosomes. The reduced SRP 
requirement at nonpermissive conditions renders a longer time window for the SRP to 
recognize the ribosomes and efficiently target them into the cotranslational branch of the 
translocation pathway. SRP can interact with ribosomes and signal sequences only when the 
ribosome is at a certain stage in the elongation cycle. In E. coli, cell death due to reduced 
levels of 4.5S RNA can be suppressed by mutations in elongation factor G or by treating 
cells with inhibitors of elongation factor G (19, 118). The role of 4.5S RNA in coupling 
translation with protein targeting has not been experimentally verified. 
The existence of inner membrane bound ribosomes that are actively engaged in 
translation has also been observed in prokaryotes (52,101). As in the eukaryotic cell, 
ribosomes are delivered to the membrane during translation by the SRP via an interaction 
with SRP receptor. A population of membrane-bound ribosomes could be involved in 
translation of membrane proteins. In addition to the SRP-dependent pathway for membrane 
targeting of ribosomes in E. coli, alternatively a Ffh-independent pathway is implicated from 
the fact that ribosome association with the membrane is dependent on FtsY but not on Ffh 
(52). 
In eukaryotic cells, SRP binding to ribosomes with nascent polypeptide chains causes 
a translational pause (135,141). However, E. coli SRP is not able to arrest translation during 
in vitro assays (97). While 7S RNA of the eukaryotic SRP contains an Alu structure that is 
implicated in translation arrest, E. coli 4.5S RNA lacks the Alu domain suggesting the arrest 
function is absence or mediated by a separate yet unknown component (122). In addition, E. 
coli SRP lacks a SRP19-like component involving in translational pause. However, a 
translation arrest was observed in E. coli in the absence of FtsY, supporting the idea of a 
cotranslational pathway (117). The potential coupling of protein synthesis and targeting in E. 
coli clearly needs further investigation 
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Signal sequence recognition by E. coli SRP. SRP binding to preproteins occurs in the 
early steps of protein membrane insertion. Like SRP binding of preproteins in eukaryotic 
cells, the model in prokaryotic cells is that the hydrophobic nature of the core region of the 
signal sequence is essential for its recognition by SRP (10, 73, 129). Using a heterologous 
cell-free translation system, it was shown that SRP binds functional signal sequences as they 
emerge from the ribosome. Experiments in which interaction of E. coli SRP with model 
nascent protein chain was assessed by UV cross-linking and a preprotein translocation assay 
have demonstrated a correlation between signal hydrophobicity and SRP binding in vitro 
(97). In studies of the interaction between SRP and nascent polypeptide chains, the inner 
membrane proteins were identified as preferred SRP substrates (61, 130). 
A recent cross-linking experiment has shown that the SRP and the ribosome-
associated trigger factor protein exhibit different binding preferences to polypeptide chains 
and might direct different translation products to different destination (31). SRP recognizes 
the first signal anchor of a polytopic membrane protein and its possible interactions with a 
less hydrophobic signal sequence of preprotein might be prevented by the trigger factor 
which binds to the secretory nascent chain early during translocation (7, 129). In addition to 
hydrophobicity of bitopic membrane proteins, combining structural features is more 
important rather than the presence of hydrophobic transmembrane domain (85). For bitopic 
membrane proteins, the hydrophilic periplasmic loop also contains information that affects 
the SRP requirement for proper insertion. 
SRP interaction with the FtsY. The SRP complex interacts with FtsY in a GTP-
dependent manner similar to their mammalian homologues. This is demonstrated using SRP 
reconstitution experiments with purified Ffh, 4.5S RNA, and FtsY (68, 81). Direct genetic 
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observations indicated that Ffh interacts with FtsY in vivo (127). 4.5S RNA has an important 
role in the interaction of Ffh and FtsY (93). 
Release of the SRP from the nascent chain occurs at the membrane and requires the 
binding of GTP to FtsY (130). FtsY undergoes reversible conformational changes upon its 
OTP dependent association with SRP (56, 84). 
Translocon. In addition to the translocase function of SecY/E/G for secretory 
proteins, several findings indicate that the bacterial SecY/E/G channel also serves as an 
integrate for the inner membrane protein insertion. The integration of mannitol permease 
(MtlA) into the inner membrane is affected when the SecY/E/G cannel is blocked by a 
translocation intermediate of a secretory protein (61). Also SRP-dependent protein 
integration into the inner membrane was affected with membrane containing reduced 
amounts of SecE (29). 
Model for SRP-dependent protein export pathway 
The primarily biochemical experiments just described has resulted in the following 
model for SRP-dependent export pathway (Fig. 1-1) (59, 128). The integral inner membrane 
proteins are targeted to and inserted in the membrane by eukaryotic-like SRP composed of 
Ffh and 4.5S RNA and a SRP docking protein, FtsY, which were originally identified by 
homology comparisons. Cotranslational targeting of a protein to the inner membrane is 
initiated when the Ffh-4.5S RNA complex recognizes its substrates by the presence of a 
hydrophobic signal sequence of the inner membrane proteins during translation from the 
ribosome. The SRP binds to signal anchor domains of integral membrane proteins when the 
protein is still associated with the ribosome. The SRP binding prevents misfolding and 
aggregation of the proteins (possibly by a translational pause) and thereby maintains the 
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translocation competence of the aggregation-prone inner membrane protein. The complex of 
the SRP-nascent polypeptide chain-ribosome (RNC complex) can be targeted to the inner 
membrane by the interaction between the SRP and the SRP receptor, FtsY in a GTP-
dependent manner. Soluble GTP-bound FtsY interacts with the SRP-RNC complex and 
targets the SRP-RNC complex at the membrane. A conformational change in FtsY induces 
release the RNC from the SRP at the membrane, resulting in delivering the SRP-RNC to the 
translocon, SecY/E/G. After a targeting reaction has been completed, the E. coli SRP route 
components are recycled by GTP hydrolysis. 
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Table 1-1. Proteins important in protein translocalization in E. coli 
Function Component Location 
Targeting/unfolding SecB, GroEL/GroES 
DnaK, trigger factor 
Cytoplasm 
Membrane docking and 
Translocation 
SecA 
SecY 
Membrane periphery 
Inner membrane 
SecE Inner membrane 
SecG Inner membrane 
SecD Inner membrane 
SecF Inner membrane 
YajC Inner membrane 
Signal sequence cleavage LepA 
LesP 
Inner membrane 
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Figure Legends 
Figure 1-1. Models for Sec- and SRP-dependent protein export pathway in E. coli 
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CHAPTER 2: CHARACTERIZATION OF ESSENTIAL GENE 
FUNCTION IN ESCHERICHIA COU 
BY PLASMID SHUFFLING: ISOLATION 
OF TEMPERATURE SENSITIVE ffh MUTANTS 
A paper to be submitted to Plasmid 
Sei-Kyoung Park, Becky Graham, and Gregory J. Phillips 
Abstract 
A plasmid shuffling system for E. coli was developed to improve the efficiency of 
isolation of conditional mutations in essential genes. This system utilizes an oriC 
minichromosome that is unstable in the absence of selection to provide a complementing 
copy of an essential gene, as well as lacf, a superrepressor allele of lacl. Transformants of 
the minichromosome are phenotypically Lac" as long as they maintain the oriC vector. 
However, when a second plasmid carrying a complementing copy of the essential gene is 
introduced, the minichromosome is displaced, and the cells revert to a Lac+ phenotype. 
Conversely, if the complementing gene has been mutationally rendered non-functional then 
the oriC minichromosome will be maintained and the cells retain an easily scorable Lac" 
phenotype. The plasmid shuffling system has been used to isolate temperature-sensitive 
mutations in the ffh gene and can be adapted for mutagenesis and genetic analysis of any 
number of bacterial genes. 
Introduction 
With the completion of the DNA sequence of several microbial genomes, including 
E. coli (I), comes the task of utilizing this wealth of information to better understand the 
biology of the microorganisms. Although a number of technologies have been developed for 
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genomic scale analysis of gene function (2-5), the need for genetic approaches to study the 
function of individual genes is apparent. Characterization of the function of a gene identified 
through DNA sequence analysis can be approached by reverse genetics. In reverse genetics, 
a cloned gene is first mutationally altered in vitro, usually by generating a knockout allele. 
The knockout mutation is subsequently recombined into the chromosome of a host strain and 
the mutant characterized to identify any altered phenotypes. 
A typical example of how reverse genetics was applied to study an E. coli gene of 
unknown function is ffh. This gene was initially identified as a homologue to a 54 kd 
mammalian protein that is a component of the signal recognition particle (SRP) (6,7). The 
SRP is known to be essential for translocation of proteins across the membrane of the 
endoplasmic reticulum, and it appeared plausible that Ffh functions in the same capacity in 
bacteria (8). To test this idea a reverse genetics approach was taken to construct a strain 
where ffh was deleted from the chromosome and a complementing copy of the gene was 
placed under expression of a regulatable promoter (9). Characterization of this strain 
revealed that ffh is essential for viability in E. coli. Further analysis of this, and other 
similarly constructed mutants, revealed that Ffh likely plays a role in the insertion of inner 
membrane proteins (10-12). The details of its function remain unclear, however. The 
isolation of additional ffh mutants should prove valuable in better understanding the in vivo 
function of this gene, and provide a means to characterize the biochemical activities of the 
Ffh protein. Therefore, identifying new genetic approaches to expedite isolation of mutants 
should be useful not only for the study of ffh, but as a means to better understand the function 
of any gene whose activity is unknown. 
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The characterization of ffh by reverse genetics, as with any essential gene, is 
complicated by the fact that a knockout mutation generated in vitro cannot be introduced to a 
host and characterized in vivo without a complementing copy of the wild-type gene also 
being present. To study an essential gene, therefore, requires that a strain be constructed 
where a complementing copy of the gene is conditionally expressed. Alternatively, 
conditional mutants, i.e., mutants where an altered phenotype is manifested under certain 
growth conditions, such as elevated (temperature-sensitive) or lowered (cold-sensitive) 
growth temperatures, can be isolated. 
Although conditional mutations are valuable for study of essential genes, approaches 
to isolate temperature- or cold-sensitive mutants that rely on localized mutagenesis of a 
cloned gene still require a complementing copy of the target gene to be transiently present. 
In yeast, this condition has been met by use of a "plasmid shuffling" technique (13-16). Here 
a yeast strain is constructed where the sole copy of an essential gene is carried by a plasmid 
that can be subsequently eliminated from the cell if an exchange is made with a second 
plasmid that also carries a copy of the gene. However, if the allele carried by the second 
plasmid is rendered nonfunctional by mutation then the plasmid exchange cannot occur and 
the cell maintains both plasmids. Several yeast plasmid shuffling systems utilize a plasmid 
that carries a counterselective marker that renders the cells sensitive to specific compounds, 
such as 5-fluoroorotic acid (13), a-aminoadipate (17), canavanine (16) or cycloheximide 
(14). In this way the distinction between cells that have successfully undergone plasmid 
exchange versus those that maintain both plasmids can be made since only those cells that 
have lost the plasmid carrying the counterselective marker will survive after replica plating 
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onto specific media. A direct visual screen has also been used to identify colonies that have 
undergone a plasmid exchange event (18). 
Although plasmid shuffling has successfully been employed in Saccharomvces 
cerevisiae and fission yeast (19), the general technique appears underutilized as a tool for 
genetic analysis of bacteria. Although a plasmid exchange protocol was used to identify 
cold-sensitive mutants of the essential era gene (20), the system required screening to be 
performed at 42°C and would, therefore, not be suitable for isolation of temperature-sensitive 
mutants. However, reports of plasmid shuffling for isolation of mutants in Cyanobacterium 
(21) and of the construction of mini-F plasmids for plasmid exchange in E. coli (22) suggest 
that the technique would be a useful tool for the study of bacterial genes as well. To this end, 
we have developed a plasmid shuffling system that can be used to rapidly isolate mutations 
in any essential E. coli gene and have applied the technique to isolate temperature-sensitive 
mutants of ffh. 
Materials and Methods 
Bacterial strains and plasmids 
The relevant genotypes and sources of E. coli strains and plasmids used in this study 
are shown in Table 2-1. 
Media and reagents 
Bacterial growth media, including LB, M9 minimal with lactose and lactose 
MacConkey media were prepared as described by Miller (23). When required, media were 
supplemented with antibiotics at the following concentrations, ampicillin, 80 jxg/ml; 
chloramphenicol, 20 jO-g/ml; kanamycin, 30 |Xg/ml; tetracycline, 20 ng/ml. Alkaline 
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phosphatase, restriction enzymes, and T4 DNA ligase were purchased from Gibco-BRL 
(Gaithersburg, MD) or New England Biolabs (Beverly, MA). 
Genetic Techniques 
Transformations were performed as described by Inoue, et al. (24). Generalized 
transductions using bacteriophage Plvzr and conjugations were done as described by Miller 
(23). Plasmid DNA was isolated by the technique of Carter and Milton (25). 
Plasmid constructions 
pFfhoriC was constructed by digesting a pBR322-derivative plasmid carrying 
with ZtazBI and Pstl and inserting the ffh gene into the oriC minichromosome pAL4 (26,27) 
digested with Sspl and Pstl. A gene cassette in which lacf and cat were flanked by Pstl, as 
described below, was then cloned into the unique Pstl site of the ffh+ minichromosome 
creating pFfhoriC. 
The lacf allele was cloned from the strain Hfr3000YA694 (28) by using in vivo 
allelic exchange, as described by Hamilton et al. (29). For this procedure the lacl gene 
encoded by pLacI19 (G. Phillips, unpublished results) was interrupted by a kanamycin 
resistance (kan) gene cassette (30) at an Mlul site. The lach'.kan EcoKL cassette was inserted 
into the temperature-sensitive cloning vector pTSA29 (31) as an ZscoRI fragment and 
subsequently transformed into Hfr3000YA694 (lacf) with selection for Kan* at 42°C, the 
nonpermissive temperature for replication of pTSA29. After growth of the transformants at 
30°C to resolve the integrated temperature-sensitive vector, colonies were identified that 
were Lac" (the Lacls phenotype) at 30°C and Lac+ at 42°C, indicating that the lacf allele was 
linked to the conditionally replicating vector. The lacf gene was liberated from pTSA29 as a 
1.2 kb EcoRI fragment and cloned into pUC19, creating pLacIS19. The cat gene from 
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pKRPlO (30) was then inserted into Xbal digested pLacIS19 creating pLacIS19cam. Finally, 
a unique Notl restriction enzyme recognition site was introduced to this plasmid at a PmeI 
site by the addition of phosphorylated linkers (New England Biolabs, Beverly, MA). 
The oriC cloning vector pMDPM5 (Fig. 2-1) was constructed in a similar manner as 
pFfhoriC. Here, a 2.2 kb Pstl cassette containing lacf, cat and a unique Notl site, as just 
described, was inserted into a unique Pstl site in pAL4. The KanR determinant originally 
present on pAL4 was removed by digestion with Stul, creating pMJPMS. 
A second vector, pLNK2, was constructed to facilitate cloning into pMIPMS. It was 
assembled by inserting a 0.7 kb ZfarUI-fisaAI DNA fragment containing the lacZa. and 
multiple cloning site (MCS) from pSU23 (32) into Bsrl 107I-Sn<zBI digested pCHI14 (G. 
Phillips, unpublished). The resulting vector, as shown in Fig. 2-3, carries a MCS flanked by 
Notl sites and imparts Kan*. 
pFfh322 was constructed by cloning a 1.6 kb EcoRI to Sail fragment from pBY03 
(33) into EcoRI and Sa/I-digested pBR322. 
Strain constructions 
PMI104 (Table 2-1) served as a host for the plasmid shuffling technique for isolation 
of jffh mutants. In employing oriC plasmids we noted that it was necessary to introduce and 
maintain oriC plasmids in a recA host. Consequently, pFfhorz'C was introduced at the final 
step in construction of PMI104. This protocol necessitated the use of a "helper" plasmid as 
an intermediate to complement ffhl::kan prior to introduction of a recA allele and pFfhorz'C. 
The helper plasmid was constructed by cloningjgTz* from pFfh322 into pTSA29, creating 
pFfhTS29 (31). 
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To construct PMI 104, MC4100 was first transformed with pFfhTS29 by selecting for 
ampicillin resistance at 30°C, creating PMI100. This strain was then made ffhlr.kan by 
transduction from WAMI 13 (9) and then subsequently transduced to A(recA-srl)306 srl-
301 ::Tnl0-84, originating from CSH126 (23) (PMI102). F,lacproA+B+ (lacf3 lacPLS) was 
then introduced by conjugation with CSH100, generating PMI103 (23). This strain was then 
transformed with pFfhoriC by selecting Cam*. The transformants were cultured at 42°C to 
eliminate the temperature-sensitive vector, yielding PMI104. This strain grew normally at all 
temperatures with the sole complementing copy of jffh provided by the pFfhoriC and served 
as the host strain for plasmid shuffling experiments. 
Isolation offfh Mutants 
pFfh322 was mutagen!zed by treatment with hydroxylamine (HA) (23) by incubating 
10 ng of plasmid DNA in 100 nl of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) with 
80 nl of HA solution (350 mg HA in 5 ml of deionized water containing 10 p.1 of 0.5 M 
EDTA [pH 8.0] and 2.24 ml of 1 N NaOH), 4 jj.1 of 50 mM EDTA, and 10 jil of 1 M sodium 
phosphate buffer (pH 6.0) at 75° C for 15 to 30 min. Plasmid DNA was purified from the 
mutagenesis reactions by binding to diatomaceous earth (25). Finally the mutagenized 
plasmid DNA was precipitated with 1/10 volume of 3 M sodium acetate (pH 4.8) and two 
volumes of cold ethanol. The dried pellet was resuspended in 100 p.1 of TE prior to 
transformation into competent PMHO4 cells. Following HA treatment, 5% of the plasmids 
yielded transformants when compared to unmutagenized plasmids. 
Transformants were selected on lactose MacConkey medium at 42°C. The clearest 
distinction between Lac+ and Lac colonies was observed after incubation of the plates for 24 
hrs. with no more than 300 colonies arising per plate. 
68 
Results 
Plasmid shuffling strategy 
Our original objective was to develop a facile genetic system to isolate temperature-
sensitive mutants of ffh. To increase the likelihood of isolating ffh™ alleles we sought a 
means to mutagenize a recombinant plasmid encoding jffh, and then screen the mutagenized 
plasmids for conditional alleles. Because ffh is essential to E. coli , however, this required 
that a complementing copy of ffh be transiently expressed. The general strategy of plasmid 
shuffling developed for genetic analysis of yeast appeared well suited for the task of isolating 
conditional ffh mutants. Fig. 2-1 summarizes the basic principles of the E. coli plasmid 
shuffling technique. The strategy included construction of an E. coli strain (PMJ104, Table 
1) with a knockout allele of jfh on the chromosome (ffhlv.kan ) (9), and a complementing 
copy of ffh on an oriC minichromosome. This vector was a derivative of the 
minichromosome pAL4 (26,27) and was chosen after assessing the instability of several 
plasmids to be rapidly lost from its host in the absence of selection. PMI104 was also made 
recA, a requirement for rapid loss of the oriC plasmid (26,27). 
In contrast to many of the plasmid shuffling techniques of yeast, we chose to screen 
for colonies that had lost the unstable plasmid rather than employ additional steps of replica 
plating onto specialized media to select for plasmid displacement (13,14). In this regard, the 
plasmid shuffling system developed here more closely resembles the sector-shuffle assay 
used in S. cerevisiae (18). To accomplish this, we introduced a lacf, "superrepressor" allele 
(28) to the unstable plasmid. Consequently, strains transformed with an oriC 
minichromosome carrying lacf were phenotypically Lac" as long as they maintained this 
plasmid, but quickly reverted to Lac"1" when cultured in the absence of selection. On lactose 
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MacConkey medium cells that maintained the unstable plasmid gave rise to white colonies 
that were clearly distinct from the red colonies that originated from cells that had lost the 
unstable plasmid. Displacement of the unstable lacf plasmid occurred whenever a second 
plasmid is subsequently introduced that complements the ffh knockout mutation on PMI104. 
These transformants were recognized as Lac"1" colonies. In contrast, if the second plasmid is 
unable to complement ffh, then the unstable lacf plasmid is retained and the colonies remain 
Lac". 
A number of variables were tested to optimize the plasmid shuffling strategy, 
including a variety of bacterial hosts and lac alleles. The combination of MC4100, recA, 
F,lacproA+B+, lacPL8 yielded the most consistent results. We also noted that the clearest 
distinction between Lac+ and Lac" transformants was made if freshly prepared lactose 
MacConkey plates were scored after 24 hours of growth with no more than 300 colonies 
arising per plate. 
To initially test the plasmid shuffling system, a seeding experiment was performed. 
A mixture of two plasmids, pFfh322 and pBR322, was used to transform PMI104. After 24 
hours, both red and white colonies were observed on lactose MacConkey plates at 42°C at a 
ratio that reflected the proportion of pFfh322 to pBR322 in the plasmid mixture. Plasmid 
DNA was isolated from 20 transformants of each phenotype and analyzed by restriction 
digestion to distinguish between pBR322 and pFfh322. One hundred percent of the red 
colonies were pFfh322 transformants, while all of the white colonies represented pBR322 
transformants. These results indicated that the minichromosome was rapidly lost from 
PMI104 in the absence of selection, as evidenced by the Lac"1" phenotype of the pFfh322 
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transformants. The pBR322 transformants, however, retained the minichromosome carrying 
the complementing copy of ffh+ and remained Lac". 
Isolation offfh mutants by plasmid shuffling 
The plasmid shuffling system was employed to isolate temperature-sensitive mutants 
of ffh by transforming PMI104 with pFfh322 (Table 2-1) that had been treated with 
hydroxylamine. Since our objective was to isolate temperature-sensitive ffh mutants, 
transformants were selected on lactose MacConkey medium containing ampicillin at 42°C. 
After overnight incubation, plates were inspected to identify those colonies that remained 
Lac". Lac" colonies were tested by restreaking onto lactose MacConkey medium and again 
culturing overnight at 42°C. The mutants that remained Lac" were then screened by 
restreaking onto the same medium with incubation at 30°C to reveal those transformants in 
which the minichromosome was maintained only at the higher growth temperature. 
Transformants that became Lac+ at 30°C were chosen for further characterization. 
Table 2-2 shows the results of a typical plasmid shuffling experiment. Of nearly 
10,000 colonies screened, 1.8% were nonfunctional ffh mutants at 42°C, as revealed by their 
white colony color. Out of these mutants, 3.8% showed a temperature-sensitive phenotype, 
as represented by the cultures shown in Fig. 2-2. Although the temperature-sensitive mutants 
represent only 0.07% of the total number of colonies screened, it was not necessary to 
directly screen all of the nearly 10,000 transformants directly for the inability to grow at 
42°C. Rather, only 182 total ffh mutants were tested for a temperature-sensitive phenotype. 
We assume the other ffh mutants represented missense or nonsense mutations that rendered 
the gene product nonfunctional at both growth temperatures. Although these mutants have 
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not been studied further, they could be informative as to what structural features of Ffh are 
important for its activity. 
To confirm that the temperature-sensitive mutants were the result of alterations in ffli, 
plasmid DNA was prepared from the six of the temperature-sensitive transformants and a 1.8 
kb fcoRI to Sail fragment encoding Ffh was recloned into pBR322. These recombinants 
were transformed back into PMI104. The PMI104 transformants were cultured at 30°C to 
eliminate the unstable plasmid and then restreaked at 30°C and 42°C. Fig. 2-2 shows the 
phenotypes of these PMI 104 transformants grown at both permissive and non-permissive 
temperatures. These results confirm that the mutants represented new temperature-sensitive 
alleles offfh as growth was observed only at the permissive temperature of 30°C. Also 
shown in Fig.2-2 are transformants of pFfh322 (ffh+), that showed growth at both 
temperatures, and pFfhTS29 (ffh+), that displayed a temperature-sensitive phenotype 
attributable to the conditional replication of the vector. 
The ffh mutants were also characterized by transforming the pBR322-derivative 
plasmids into WAM121 (12), an ffh mutant where the complementing copy of ffh is under 
control of arabinose regulation. WAM121 transformants grew without arabinose only at 
30°C (data not shown). Further characterization of the ffh™ alleles to determine the genetic 
alteration of the mutants and to assess the physiological changes to the cells at the 
nonpermissive temperature is ongoing and will be presented elsewhere. 
A general plasmid shuffling system 
The efficiency at which the described plasmid shuffling system was used for isolation 
of ffh™ mutants prompted us to construct plasmids that comprise a plasmid shuffling system 
in E. coli that could be adapted for any gene of interest. As shown in Fig.2-3, pMIPMS 
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serves as a vector for plasmid shuffling. As with pFfhoriC, pMIPM5 is an orz'C vector that 
carries lacf and imparts resistance to chloramphenicol. In addition, it has a unique Notl 
restriction site into which a specific gene targeted for mutagenesis can be inserted. A target 
gene may be adapted to carry Notl restriction sites at the ends of the gene by PCR or by using 
pLNK2, a vector designed to facilitate flanking a gene with Notl sites. This plasmid carries 
the lacZa region and MCS of pUC19 that is flanked by Notl restriction sites. Following 
insertion of a target gene into the MCS of pLNK2, a Notl restriction fragment can be isolated 
and inserted into pMIPM5 that has been digested with Notl and treated with alkaline 
phosphatase. 
As described in Materials and Methods, construction of a suitable host strain for 
plasmid shuffling with pMIPM5 required use of a plasmid "intermediate" to provide a 
complementing copy of the target gene prior to introduction of the unstable plasmid in a recA 
background. For mutagenesis of ffh we constructed pFfhTS29 to provide a complementing 
copy of ffh during construction of PMI104. At the final step of strain construction, pFfhoriC 
was introduced by transformation at 42°C to displace pFfhTS29. Although use of a 
temperature-sensitive vector is convenient for elimination of the intermediate plasmid, in 
other studies we have also used eiectroporation to cure strains of Co/El-like vectors (34) that 
served as plasmid intermediates. 
Discussion 
Plasmid shuffling strategies have successfully been used for a wide range of genetic 
manipulations in yeast, such as the isolation of various classes of mutants (35-38) including 
temperature-sensitive mutants (13-16,37,39). Plasmid shuffling has also facilitated the 
isolation of suppressor mutations (40,41), the identification of functional homologues (42-
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45), the production of a library of nonsense mutations in essential genes (18), 
structure/function analysis (46), molecular analysis of the yeast chromosome (47) and 
identification of synthetic lethal mutations (48-50). Plasmid shuffling systems have also 
been employed for similar analysis of fission yeast (19) and recently for mutagenesis of the 
cyanobacterium, Synechocystis (21). 
Although plasmid shuffling has not been widely used in bacteria, a number of related 
approaches have been developed to facilitate genetic characterization of E. coli gene 
function. Plasmid shuffling also provides an alternative approach for many of these 
techniques. For example, a method to localize mutagenesis to specific regions of the E. coli 
chromosome has been extensively used to isolate temperature-sensitive mutants (51). A 
drawback to this approach, however, is that the mutants isolated are not necessarily defective 
in the desired gene, as linked genes can also be the target of mutagenesis (52). Moreover, 
mutant alleles must subsequently be cloned for further characterization. Plasmid shuffling 
provides a means to target mutagenesis to a specific gene, or even specific regions within a 
gene, prior to screening for mutant alleles. 
A plasmid based double counterselection system has been reported to study null 
alleles of essential genes (53). The system was used to search for suppressor mutations of 
the essential secE gene and to test for the ability of missense mutations to complement a secE 
null mutation. Pulse curing is another example of a genetic tool that has been used to 
identify functional homologues of the essential Jfs gene of E. coli (54,55). The plasmid 
shuffling strategy described here could serve as an efficient alternative for these techniques, 
and should foster new applications such as the isolation and characterization of suppressor 
mutations (41). 
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We are currently characterizing the temperature-sensitive ffh alleles isolated by the 
described plasmid shuffling technique. They should prove informative in determining the 
exact role of Ffh in E. coli, as well as lend insights into the structural features important for 
its biochemical activities. We are also using plasmid shuffling to genetically characterize 
additional components of the SRP pathway of protein export in E. coli (56) by isolating both 
conditional and nonconditional mutants offtsY (6,7) and ffs (57-59). We anticipate that the 
isolation of new mutant alleles will lead to a better understanding of the function of these 
gene products as well. In addition to isolating mutants in SRP-pathway components, plasmid 
shuffling could have wide application in the study of essential bacterial genes, including 
genes of unknown function identified by microbial genomic sequencing projects. 
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Table 2-1. Bacterial strains and plasmids used in this study 
Strain or Plasmid Relevant genotype or Description Reference or Source 
Strains 
CSH100 F'lacproA+B+ (lacf3 lacPL8)/araA(gpt-lac)5 
CSH126 A(recA-srl)306 srl-301::Tn!0-84 
MC4100 F, A(argF-lac)U 169, araD139, rpsLlSO, 
ptsF25,flbB5301, rpsR, deoC, relAl 
Hfr6000YA694 lacf 
PMI103 
PMI104 
WAM113 
W AM 121 
Plasmids 
pAL4 
pBY03 
PFfh322 
pFfhoriC 
pFfhTS29 
pLNK2 
pMIPM5 
MC4100, fflil ::kan, A(recA-srl)306 srl-
30l:\TnlO-84, FlacproA+B+ (lacf1 
lacPL8)laraA(gpt-lac)5, pFfhTS29 
PMI103, pFfhoriC replacing pFfhTS29 
source offfhlv.kan 
jfhl::kan, ParaBAD-ffli+ 
oriC minichromosome 
source of ffh* 
ffh+ in pBR322 
oriC, cat, lacf 
ffh+ in pTSA29 
LacZa.u MCS from pUC19, kan, pMB lori 
oriC, cat, lacf 
(23) 
(23) 
ATCC 
(28) 
This study 
This study 
(9) 
(12) 
(26,27) 
(33) 
This study 
This study 
This study 
This study 
This study 
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pTSA29 temperature-sensitive cloning vector (31) 
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Table 2-2. Results of a plasmid shuffling experiment for isolation of ffh mutants 
No. of Lac+ colonies No. of Lac colonies No. of temperature-
(% of total colonies) (% of total colonies) sensitive mutants4 
(% of total colonies/% 
of total Lac'colonies) 
No. of colonies 
screened1 
(% of total 
colonies) 
10,017 
(100) 
9,835 
(98.2) 
182 
(1.8) (0.07/3.8) 
'Colonies represented transformants selected on lactose MacConkey + ampicillin at 42°C. 
2Red colonies on lactose MacConkey plus ampicillin at 42°C after 24 h. of incubation. 
3White colonies on lactose MacConkey plus ampicillin at 42°C after 24 h. of incubation. 
^Confirmed ffh mutants as shown in Fig. 2-2. 
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Figure Legends 
Figure 2-1. Plasmid shuffling scheme for isolation of ffh mutants. A. PMI104 carries the 
ffhl::kan allele on the chromosome (represented by the unstructured line with a solid, black 
center) and F ,lacproA+B+ (lacfi lacPLS) (represented by the figure eight). The ffh knockout 
mutation is complemented by the pFfhoriC (black circle) carrying ffh+, lacf, and imparting 
chloramphenicol resistance (cat). As indicated, this strain is phenotypically Lac". PMI104 
was transformed with mutagenized pFfh322 plasmid DNA (grey circle) by selecting 
ampicillin resistance (Jbla). Mutant ffh alleles are shown as ffh', while ffh+ represents the wild 
type gene. B. pFfh322 carryingjQ7z+ (unmutagenized) transformed into PMI104 complement 
ffhlr.kan permits displacement of pFfhoriC resulting in a Lac+ phenotype. C. pFfh322 
carrying a mutant ffh' allele that does not complement ffhlr.kan results in retention of 
pFfhoriC and a persistent Lac" phenotype. 
Figure 2-2. Temperature-sensitive ffh mutants isolated by plasmid shuffling. PMI104 was 
transformed with pBR322-derivative plasmids carrying either wild type or mutant alleles of 
ffh and cultured at 30°C on lactose MacConkey medium to displace pFfhoriC. The 
transformants were then plated onto LB plus ampicillin and cultured at 30°C (left) or 42°C. 
Transformants included: 1-6, plasmids carryingjQTi ™ alleles 18-2, 18-1, 14-5, 14-4, 14-3, 
and 14-1, respectively; 7, pFfhTS29; 8, pFfh322. 
Figure 2-3. Plasmid vectors used for plasmid shuffling. A. pMIPMS. oriC, origin of 
replicat ion of  the E. col i  chromosome;  cat ,  gene impart ing chloramphenicol  res is tance;  lacf ,  
superrepressor allele of lacl; also shown is the unique Notl restriction site. B. pLNK2. ori, 
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pMBl origin of replication from pBR322; kan, gene imparting kanamycin resistance; lacZct,. 
a peptide encoding region and MCS containing unique restriction sites, as shown. Also 
shown are the Notl restriction sites that flank the MCS. 
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O 
ori (pMBl) 
Lac" 
blall i ori (pMBl) 
.•\ffhvJuvt ori (pMBl) 
oriC 
Figure 2-1. 
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Notl 
oriC 
cam 
pMIPM5 
(7.9 kbp) 
B Hindlll Split PstI Hincll Sail Xbal BamHl Smal Kpnl Sad EcoRl 
Not\ pLNK2 
(4.6 kbp) Notl 
Figure 2-3. 
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CHAPTER 3: A TEMPERATURE-SENSITIVE Jfh MUTANT 
DISCLOSES THE ROLE OF THE SIGNAL RECOGNITION 
PARTICLE IN ESCHERICHIA COU 
A paper to be submitted to Journal of Bacteriology 
Sei-Kyoung Park, Ross Dal bey, and Gregory J. Phillips 
Abstract 
The Ffh protein of Escherichia coli is a 48kd protein that is homologous to the 54kd 
subunit of the eukaryotic signal recognition particle (SRP). Ffh, similar to its eukaryotic 
counterpart, is important for localization of proteins to the bacterial inner membrane. Studies 
to understand Ffh function have largely depended on the use of E. coli strains that allow 
depletion of the wild type gene product. As an alternative approach to studying Ffh function, 
we have isolated a temperature-sensitive jfh mutant. The mutant is the result of two amino 
acid changes in conserved regions of the Ffh protein. Characterization of the temperature-
sensitive mutant revealed that the thermolabile protein is defective at the permissive 
temperature of 30°C, but cells rapidly lose viability upon growth at the non-permissive 
temperature of 42°C. While the jfh^ mutant is defective in insertion of inner membrane 
proteins, the export of proteins with cleavable signal sequences is not impaired. 
Furthermore, the mutant shows elevated expression of heat shock proteins, and accumulates 
increased levels of insoluble proteins, especially at 42°C. Collectively these results are 
consistent with a model that jfh is required only for the insertion and translocation of inner 
membrane proteins. 
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Introduction 
The signal recognition particle (SRP) is a ribonucleoprotein complex that was first 
described in eukaryotic cells as being important for targeting of secretory proteins and 
integral membrane proteins to the translocation apparatus (24, 58, 59). Following the 
molecular characterization of a 54-kd protein component of the SRP from mammals, it was 
discovered that E. coli possesses a homologue with striking homology to this eukaryotic 
protein (7, 48). The gene encoding this protein was identified as an open reading frame with 
no known function (10), and was termed ffh for /ifty-/our /zomologue. Amino acids with a 
high degree of conservation were located throughout the protein and include an amino 
terminal domain of unknown function, a OTP binding domain (G domain), and a methionine 
rich carboxy-terminal M domain. These features prompted construction of a model whereby 
the M domain is responsible for binding to signal sequences of exported proteins by virtue of 
contacts between the relatively flexible side chains of methionine and the hydrophobic amino 
acids of a typical signal sequence (7). 
The E. coli ftsY gene, an uncharacterized gene thought to be important for cell 
division (17), has homology with the a subunit of the SRP receptor (SRa) from higher cells. 
The G domains of FtsY and Ffh are also homologous (7, 48). In addition, the 7S RNA 
component of the mammalian SRP has sequence and structural similarities with a 4.5S RNA 
species from E. coli (46). 
As a result of these studies, it was proposed that E. coli also possesses an SRP that 
likely functioned in protein bacterial protein localization. These conclusions were made, 
however, even though no component of the SRP had been identified from genetic screens 
designed to identify components of the protein localization machinery (2,4). 
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A series of subsequent studies provided evidence of additional similarities between 
the E. coli SRP and its counterpart in eukaryotic cells. For example, it was shown that Ffh 
and 4.5S RNA form a ribonucleoprotein complex in vivo (34,45, 47) and that Ffh could 
functionally replace the SRP54 protein in specific in vitro assays (8). An interaction between 
Ffh and signal peptides that were especially hydrophobic has also been shown by in vitro 
cross-linking studies (5, 26, 55, 56), suggesting that the SRP does not efficiently interact with 
all targeting signals. 
The first genetic approach to explore the intriguing possibility that E. coli also 
possessed an SRP was done using reverse genetics (44). In this study, an E. coli mutant was 
constructed where the sole functioning copy offfh* in the cells was placed under control of 
the arabinose (araBAD) promoter and operator. Lack of growth of this strain without the 
inducer revealed that ffh is an essential E. coli gene. However, experiments to determine the 
role of Ffh in protein export yielded equivocal results. Although the export of several 
proteins became inefficient upon depletion of the Ffh protein, the defects were not on the 
order of those seen with compromised members of the sec-dependent pathway of protein 
export (28,42, 50). These results suggested that Ffh may not participate equally in the 
export of all E. coli proteins. Characterization of an E. coli mutant where FtsY, the SRP 
receptor homologue, was depleted, as well as a strain that expressed a dominant-negative 
allele offfs, encoding 4.5S RNA, yielded similar results (35, 45). 
In the absence of other ffh alleles, characterization of Ffh function continued by using 
strains where the protein could be depleted by expression from a regulatable promoter. 
Despite the limited availability of ffh mutants, the role of the SRP in E. coli was shown to be 
limited to a subset of exported proteins, specifically proteins that are targeted to the inner 
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membrane (14, 38). A clever screen using a plasmid library sought clones that increased the 
requirement for Ffh further confirmed these conclusions, and also suggested that not all inner 
membrane proteins require Ffh for membrane targeting (54). 
These important insights into Ffh function notwithstanding, it also must be 
acknowledged that there exist some inherent weaknesses in using depletion strains to study 
an essential cellular process such as protein localization. Extensive depletion of a gene 
product can require the lapse of several generations before a phenotype is observed (33). 
During the prolonged generation time required to sufficiently deplete a gene product, 
secondary effects obscuring the true function of the gene product could occur. Consistent 
with this notion is the observation that depletion of Ffh also leads to a defect in cell division 
(44). However, given the experimental evidence presented to date, Ffh does not appear to 
play a direct role in this process. Another potential indirect effect that could lead to 
misinterpretation of the role of the SRP is that one of the essential components for protein 
export, SecY, is itself a membrane-bound protein whose localization requires SRP (26, 52). 
Caution is also warranted when interpreting the results of depletion of gene products that 
normally function in relatively low abundance, as is Ffh (6). In this case, exhaustive 
depletion is required since low, residual levels of the gene product could still support a 
physiological process. Indeed, these concerns promoted the revisiting of a genetic screen 
that eventually yielded weak mutations in SRP components (53). 
Consequently, to more clearly understand the function of the SRP in bacterial protein 
localization, we have sought an alternative approach to conditional expression of Ffh. 
Specifically, we have isolated a temperature-sensitive jfh mutant that, as revealed by the 
studies reported here, is rapidly inactivated upon shift to the nonpermissive temperature. 
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Growth of this mutant at the nonpermissive temperature leads to rapid inactivation of Ffh 
function, and, therefore, provides a means to study the consequences of Ffh inactivation that 
does not depend upon depletion of the wild type gene product by blocking its synthesis. This 
mutant has been useful to test previous models of E. coli SRP function, and should also prove 
valuable to better understand the how the structure of the SRP contributes to its function. 
Materials and Methods 
Bacterial strains and plasmids 
The genotypes and sources of the E. coli K-12-derivative strains and plasmids used in 
this study are shown in Table 3-1. 
Reagents 
Specific antibodies were obtained either from commercial sources or were generous 
gifts. Antibody to alkaline phosphatase (AP) and lactamase were obtained from 5'-3' 
prime, Inc. (Boulder, CO), maltose binding protein (MBP) from Research Diagnostics 
(Flanders, NJ), and DnaK and GroEL from Stress Gen (Victoria, B.C., Canada). 
Growth media were obtained from Difco (Detroit MI), and all antibiotics and amino 
acid and vitamin supplements from Sigma Chemical Co. (St. Louis, MO). Restriction 
enzymes, and other reagents for cloning were obtained from various vendors, including New 
England Biolabs (Severely, MA), and Fermentas, Inc. (Handover, MD), and Gibco-BRL 
(Gaithersburg, MD). 
Cell growth and general techniques 
Cells were cultured in either Luria Broth (LB) or supplemented minimal E medium 
(57). When required, antibiotics were added to the culture media at the following 
concentrations, ampicillin, 100 ng/ml; chloramphenicol, 20 |Ag/ml; kanamycin, 30 ng/ml. 
92 
For growth characterization experiments, cells were subcultured from overnight-
grown cells at 30°C. Cultures were grown with aeration at 30°C until ODôoo of 0.05 upon 
which half of the cell volume was shifted to 42°C. Samples were removed at intervals from 
both the 30°C and 42°C cultures at lhour intervals for measurement of optical density and 
viable cell counts. For viable cell counts, samples were diluted in LB medium and plated in 
duplicate on LB agar and incubated all at 30°C overnight. Colonies were counted after 48 
hours of incubation and the values averaged. 
Samples were also transferred directly to microscope slides to prepare wet mounts of 
the cells. Individual cells were visualized by phase contrast microscopy under 140x 
magnification using an Olympus BH-2 microscope. Digital images were captured with a 
CCD camera. 
Transformations were performed as described by Inoue et al. (19). Generalized 
transductions using bacteriophage PIvir were done as described by Miller (39). Plasmid 
DNA was prepared by a modification of the technique of Carter and Milton (11). 
DNA sequence analysis of the ffh^ mutant allele was done by first cloning a 1.8kb 
EcoRl-SaK fragment encoding the temperature sensitive protein into appropriately digested 
pUC19 (62). DNA sequence analysis was performed by dideoxy dye-termination reactions 
at the Nucleic Acid Synthesis and Sequencing Facility at Iowa State University. 
Plasmid constructions 
pSKPPIO and pSKPPl 1 were constructed by cloning a 1.6 kb EcoRl to Sail fragment 
encoding either the wild type or the temperature-sensitive Ffh protein from pBR322-
derivative vectors into pLCC29. This vector is a low copy number derivative of pDHC29 
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(43) and replicates using the origin of replication from RSF1030. This replication origin is 
compatible with most other cloning vectors, including other Co/El-like plasmids. 
pBAP576 was constructed by PCR amplification of the acrB576-PSBT gene fusion 
described by Tian and Beckwith (53) using the primers 5-
CCTAATTTCTTTATCGATCGCCCG-3' and 5-ACCCTGACCGCCCTGCAC-3'. The 1.9 
kb product was cloned into pBADTopo (Invitrogen, Carslbad, CA) following the 
manufacturer's instructions. PCR primers were synthesized at the Iowa State University 
DNA Synthesis and Sequencing facility. 
Strain constructions 
The E. coli K-12 strain WAM100, an ara+ derivative of MC4100 (44), was used for 
construction of the temperature-sensitive jfh mutant SKP1101, and an isogenic jfh+ control 
strain, SKP1102. These strains were constructed by first introducing either pSKPPIO 
(SKP1101), or pSKPPll (SKP1102) to WAM100 by selection for CamR at 30°C. The 
chromosomal copy of ffh was replaced with jfhl::kan from WAM113 (44) by Plv/r-mediated 
transduction by selection for Kan* transductants at 30°C. The transductants were tested for 
growth at both 30°C and 42°C to confirm the temperature sensitive phenotype of SKP1101, 
and the ability of SKP1102 to grow at both temperatures. 
Pulse-chase experiments and immunoprecipitation 
SKP1101 and SKP1102 cells were grown overnight at 30°C overnight in minimal E 
medium (57) containing 1 pig/ml vitamin Bl, mixture of 18 amino acids prepared, excluding 
methionine and cysteine, appropriate antibiotics, and 0.4% glucose. Maltose, at a 
concentration of 0.4%, was added for induction of maltose binding protein (MBP). For 
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detection of ^-lactamase and AP, SKP1101 and SKP1102 were transformed with 
pT7T3PhoA123 (27). 
Overnight cultures were resuspended in the same medium to an ODeoo of 0.02 and 
cultured with aeration at 30°C until the cells reached a value of 0.05-0.06. One half of the 
culture was then shifted to a sterile flask and growth continued by incubation in a 42°C 
shaking water bath. Growth of both the 30°C and 42°C cultures were monitoring 
spectroscopically at ODeoo-
At various times (typically 1 or 2 h) after division of the culture, 1ml of aliquots were 
removed from the 30°C and 42°C grown cells and were pulsed-labeled for 20 sec with 10 
HCi/ml of Trans 35S-label (Amersham Pharmacia Biotech, Piscataway, NJ, specific activity 
1000 Ci /mmole). An equal volume of prewarmed chase solution (E minimal supplemented 
with 0.8% of methionine and cysteine) was added and chased for 20, 120, or 300 sec, at the 
same temperature as the cultures were grown. One ml of labeled cells was then immediately 
transferred to a microcentrifuge tube containing 50 pi of 100% cold trichloroacetic acid 
(TCA) and placed on ice for 10 min. TCA precipitates were collected by centrifugation 
(12,000 RPM for 2 min) and washed with cold acetone, and resuspended in 50 |i.l of 20 mM 
Tris-HCl (pH 7.5) and 50 [il of SDS buffer (2% SDS and 20 mM EDTA). For 
immunoprecipitation 30 p.1 of labeled sample and 1-2 JJ.1 of specific antiserum were added to 
650 nl of IP buffer (50 mM Tris-HCl [pH8.0], 150 mM NaCl, 0.1 mM EDTA, 2% Triton X-
100) and incubated at 42°C for 2 h to overnight with constant agitation. Swollen protein-A 
agarose (Immuno-Pure Immobilized Protein-A, Pierce Chemical Co., Rockford, IL) was 
added and incubated for a further 2 h at room temperature. Pellets were washed three times 
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in IP buffer and resuspended in 50 p.1 of 10 mM Tris-HCl (pH 6.8) and 50 fi-1 of SDS sample 
buffer, and boiled for 2 min. The samples were then resolved by electrophoresis on a 12 % 
SDS-PAGE gel (30). Autoradiograms were visualized with the GS-363 Molecular Imager 
System (Bio-Rad Inc., Hercules, CA). 
Cellular fractionation 
The B-PER™ bacterial protein extraction reagent (Pierce Chemical Co., Rockford, 
IL) was used for the extraction of insoluble proteins. Cells were grown to late logarithmic 
phase and the cultures concentrated in a 1.5 ml volume to an OD<JOO of 1.5 by centrifugation 
at 5,000 RPM for 5 min in a microcentrifuge. For lysis, cells were resuspended in 150 p.1 of 
B-PER™ reagent by vigorous vortexing until the cell suspension was homogenous, followed 
by vortexing for an additional minute 1 min. The separation of insoluble and soluble proteins 
was done by centrifugation at 13,000 RPM for 5 min. The supernatant was saved as the 
soluble fraction and the insoluble fraction was resuspended in an additional 150 pi of B-
PER™ Et reagent. Lysozyme was added to the resuspended pellet at a final concentration of 
400 Hg/ml, and the mixture vortexed for 1 min. An additional lml of a 1:20 dilution of the 
B-PER™ II reagent was added to the suspension and vortexed for 1 min. Insoluble material 
was collected by centrifugation at 13,000 RPM for 10 min. The pellet was then resuspended 
in an additional 1 ml of the diluted (1:20) reagent for washing. After 2 more washing step 
with the diluted reagent, the pellet was resuspended in 300 p.1 of SDS sample buffer prior to 
electrophoresis. Gels were scanned by a Bio-Rad GS-700 Imaging Densitometer (Hercules, 
CA). 
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Immunoblotting analysis 
Protein fractions were separated by electrophoresis through a 12 % SDS-
polyacrylamide gel and visualized by staining with Coomassie Blue dye. Proteins were 
transferred onto nitrocellulose membrane (Osmonics Inc, Westborough, MA) using Semidry 
Electroblotter (Owl, Portsmouth, NH). Filters were blocked in 5 % died nonfat milk in TBS 
with 0.2 % Tween-20 at room temperature for 1 h and washed with TBS. Appropriate 
antibody at an optimum dilution was added and incubated at room temperature for 1 h. 
Detection of bound antibody was done by using the Opti-4CN detection kit (Bio-Rad 
Laboratories, Hercules, CA). 
Detection of fusion proteins and the biotinylated proteins 
Detection of biotinylated fusion proteins was done essentially as described by (21). 
Cells were grown overnight at 30°C in LB broth supplemented with 50 pM biotin and 100 
Hg/ml ampicillin. To induce FtsQ-PBST from pHP42 and AcrB-PBST from pBAP576, cells 
were subcultured in the same medium supplemented with 0.2 % arabinose and grown to early 
log phase prior to shifting a portion of the culture to 42°C for an additional 2 h. The cells 
were concentrated to ODeoo of 1.5 in a 1 ml volume by centrifugation at 12,000 RPM in a 
microcentrifuge. The pellets were resuspended in 100 p.! of SDS-PAGE sample buffer, 
boiled for 3 min, and then recentrifuged. After electrophoresis, the proteins were transferred 
to a nitrocellulose membrane and the membranes blocked as described above. To detect 
biotinylated fusion proteins, streptoavidin-HRP conjugate (Amersham Pharmacia Biotech 
Inc, Piscataway, NJ) was added to the membrane and incubated at room temperature for 1 
hour. To detect expressed fusion protein, the membrane was probed with appropriate 
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antibody using the ECL Western blotting detection (Amersham Pharmacia Biotech Inc, 
Piscataway, NJ ) as the manufacture's instruction. 
Protease accessibility assays 
SKP1107 and SKP1108 (Table 3-1) were grown as described above by inducing 
expression of Lep with arabinose. After 2 h at the nonpermissive temperature cells were 
pulse-labeled and protease accessibility of the large periplasmic domain of Lep measured as 
previously described (51). 
Results 
Characterization of an Jfh1* allele 
A temperature-sensitive jfh mutant that showed a strict dependence on growth 
temperature for viability was isolated by use of a plasmid shuffling scheme (Chapter 2). This 
phenotype was predicted given that jfh is essential to E. coli (44)_ To ensure this phenotype 
was due to a mutational alteration in the ffh gene, a 1.6 kb £coRI to Sail restriction fragment 
was cloned from the pBR322-derivative plasmid into the cloning vector pLCC29, a medium 
copy number plasmid derived from a co/El-like plasmid that is compatible with most other 
cloning vectors (43). Fig. 3-1 shows the strong temperature-sensitive phenotype of 
SKP1101, where the sole functional copy of jfh is encoded by the: medium copy-number 
plasmid, compared with SKP1102, an isogenic jfh+ control strain (Table 3-1). 
To identify the base pair changes responsible for the temperature-sensitive phenotype, 
the entire 1.6 kb fragment cloned into pUC19 was sequenced. As: summarized in Fig. 3-2, 
inspection of the sequence revealed two changes to ffh clustered im the carboxy-terminal 
region. These mutations resulted in a change from Leuggg to Pro and a change from a 
conserved Metssi to Thr. While the Leu to Pro introduces a helix-breaking amino acid into a 
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region that has been predicted to from an a helical conformation (25), the substitution of Thr 
occurs at a fairly highly conserved Met residue(18). Use of PCR-based site-directed 
mutagenesis to construct jfh mutants altered at each position individually revealed that both 
changes are necessary for the strong temperature-sensitive phenotype (data not shown). 
Growth characteristics of the ffh1* mutant 
To further characterize the temperature-sensitive phenotype of the mutant, SKP1101 
(jfh™), along with the control strain SKP1102 (ffh*), was grown in both broth culture and by 
determining plating efficiencies. Cells were grown at 30°C to various optical densities before 
shifting the cultures to 42°C. A typical experiment is shown in Fig. 3-3 where the control 
strain showed typical growth patterns at both 30°C and 42°C, while the mutant increased in 
optical density only at the lower growth temperature. At 42°C, the mutant cells increased in 
density for only 1 h post-shift and had rapidly ceased growth within 2 h. Similar results are 
seen when cells were shifted at either higher or lower optical densities. Also noted was that 
the mutant grew more slowly even at 30°C suggesting that the mutant protein was not fully 
functional even at the permissive temperature. Additional experiments described below 
confirm this prediction. 
A similar pattern was observed by measuring the number of viable cell after growth at 
the nonpermissive temperature. When the SKP1101 was grown in LB the number of viable 
cells increased at 30°C at a rate somewhat slower than that of the wild-type strain. Cells 
rapidly lost their ability to form colonies at 30°C after growth at 42°C for as little as 2 h (Fig. 
3-3) 
Previous studies using a Ffh depletion system revealed that the cells acquire an 
elongated morphology within a few hours of growth without inducer of ffh expression (43). 
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We also examined the morphological changes of the temperature-sensitive mutant at the 
different growth temperatures (Fig. 3-4). In comparison to the control strain, the 
temperature-sensitive mutant revealed marked cell elongation within one hour of shift to 
42°C. Inspection of the cells at 30°C also revealed that, even at this permissive temperature, 
thejffh15 mutant exhibited a longer cellular morphology. Further growth at the non-
permissive temperature resulted in formation of inclusion bodies, indicative of the 
accumulation of insoluble proteins in the cytoplasm. This observation was explored further 
by the use of the cell fractionation methods described below. Cell lysis was also observed 
when the mutant cells were incubated overnight at 42°C, again consistent with a defect in 
proper cell division and accumulation of proteins in cytoplasm. 
Processing of cell envelope proteins in the mutant strain 
Previous experiments using a strain where the levels of Ffh could be diminished by 
repressing synthesis of the wild type protein yielded equivocal results when used to 
determine the role of Ffh in protein E. coli export (44). Similar results were obtained when 
synthesis of other components of the SRP pathway, including FtsY (35, 52), or 4.5S RNA 
(45, 47), were disrupted. A separate in vivo approach showed no evidence of a protein export 
defect upon depletion of 4.5S RNA (22). However, biochemical approaches showed that Ffh 
can interact with signal sequences from a number of exported proteins (55, 56, 63), 
suggesting a biological significance to the interaction between SRP and exported protein. 
The efficiency of cross-linking, however, was dependent upon the hydrophobicity of the 
signal peptide (5, 26), suggesting some selectivity to substrate recognition. By taking 
advantage of the rapid inactivation of Ffh in SKP1101, we were able to directly assess the 
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role of the SRP on generalized protein export in E. coli by monitoring the efficiency of signal 
sequence cleavage of selected periplasmic and outer membrane proteins. 
Shown in Fig. 3-5 are the results of assays used to monitor the kinetics of signal 
sequence processing of ^-lactamase (Bla), MBP (periplasmic proteins), and OmpA and 
OmpF (outer membrane proteins). In all cases, the newly synthesized proteins appeared to 
be efficiently processed to the mature form in the ffh mutant strain as well as that of wild-
type cells (SKP1102). Low level accumulation of the precursor form of MBP (Fig. 3-5, 
panel D) was detected at early time periods (20 sec and 2 min), but virtually all preproteins of 
MBP was chased out within 5 min indicating that the MBP preprotein does not require Ffh 
for its translocation. No significant differences in the rate of signal sequence processing of 
OmpA or OmpF (Fig. 3-5, panels A and B) were observed between the SKP1101 and 
SKP1102. 
Processing of pre ^-lactamase has been reported to be inhibited at some level in 
strains were the SRP pathway components are disrupted (35,44, 45,47). Likewise, the 
temperature-sensitive ffh mutant showed evidence of delayed processing at the 20 and 120 
sec chase times (Fig. 3-5, panel C). However, this result is likely an indirect consequence of 
perturbation of cell physiology in the mutant strain at 42°C, because export of ^-lactamase is 
sensitive to alterations in the levels of heat shock proteins (29, 31, 60) 
Insertion of inner membrane proteins 
Previous studies have shown a that the E. coli SRP functions specifically in the 
localization of proteins to the cytoplasmic membrane (14, 54). To directly test the 
importance of Ffh in targeting of specific proteins to the inner membrane, we utilized a facile 
assay developed by Jander et al. that is based on the efficiency with which biotinylation of 
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the polypeptide can occur (21). Normally, protein localization is so rapid that a membrane-
targeted polypeptide that is fused with a biotinylation domain on its carboxy terminus is 
transported out of the cytoplasm before it can be tagged with a biotin group by biotin Iigase 
(BirA). A delay in membrane localization, however, allows the polypeptide to reside in the 
cytoplasm long enough to be biotinylated. The detection of a biotinylated protein, therefore, 
is a sensitive indicator of the efficiency of membrane protein targeting. This assay has been 
effectively used to characterize membrane protein insertion defects of new jfs (encoding 4.5S 
RNA) alleles (53). 
FtsQ, a bitopic inner membrane protein involved in cell division, is oriented in the 
cytoplasmic membrane with a short cytoplasmic amino terminus, a single transmembrane 
segment, and a relatively large periplasmic domain (12). The plasmid pHP42 encodes ftsQ 
fused to the biotinylation domain of transcarboxylase from Propionibacterium shermania 
(FtsQ-PSBT), at its end of carboxy terminus (exposed to the periplasmic space) (53). pHP42 
was transformed into both SKP1101 and SKP1102 and synthesis of FtsQ-PBST was induced 
by arabinose as described in Materials and Methods. Following induction, total cellular 
proteins from the temperature-sensitive mutant and the wild type control strain were resolved 
by SDS-PAGE and transferred onto a nitrocellulose membrane and analyzed for expression 
biotinylated FtsQ. As shown in Fig. 3-6A, no biotinylated protein was detected in the wild 
type strain, although western immunoblotting revealed that the protein was synthesized (Fig. 
3-6C). In contrast, biotinylated FtsQ was detected in SKP1102 even at 30°C, again 
consistent with observation that the Ffh protein encoded by the temperature-sensitive allele is 
defective even at the permissive temperature. Significantly more biotinylated protein was 
detected in the mutant at 42°C. 
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AcrB is a polytopic membrane protein with 12 transmembrane segments that is 
essential for multidrug resistance (36). A fusion protein (AcrB-PBST) has been constructed 
that fuses PBST after the 576th amino acid residue in a region of the protein localized to the 
periplasmic space(29). To determine the effect of Ffh inactivation on membrane targeting of 
AcrB, the plasmid pHP44 encoding the constitutively expressed AcrB-PBST fusion protein, 
was introduced to SKPl 101 and SKPl 102. While healthy transformants were obtained in the 
control strain, transformants into the temperature-sensitive mutant grew very poorly (data not 
shown). Attempts to grow these transformants at the permissive temperature to detect AcrB-
PBST protein expression were unsuccessful. We reasoned that high level expression of the 
polytopic membrane protein was toxic to the enfeebled temperature-sensitive mutant, similar 
to the Slo phenotype (54) where increased expression of membrane proteins from 
recombinant plasmids increased the cell's requirement for Ffh. Consequently, we placed 
expression of AcrB-PBST under control of the arabinose operator and promoter permitting 
regulated expression of the toxic fusion protein. As shown in Fig. 3-6B, and consistent with 
the results obtained with FtsQ, AcrB was inefficiently localized in the jfh™ mutant as both 
the permissive and nonpermissive temperatures, with a significantly higher amount of 
biotinylation detected at 42°C (Fig. 3-6D). 
To more rigorously measure the efficiency of membrane insertion, we also tested the 
efficiency of leader peptidase (Lep) localization using proteinase K mapping studies. Lep 
has also previously been shown to be dependent upon the SRP for efficient membrane 
targeting (14, 16). SKPl 101 and SKPl 102 were transformed with a pINGE-Lep (13), 
encoding leader peptidase (Lep) under arabinose control. Following induction of Lep 
synthesis at both 30°C and 42°C, cells were pulse-labeled and the accessibility of the large 
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periplasmic domain of Lep was measured by protease digestion. Table 3-2 compares the 
fraction of the carboxy-terminal domain of Lep localized across the inner membrane in 
strains expressing either the wild type or temperature-sensitive Ffh protein. As expected, 
essentially 100% of Lep was localized in the wild type strain at both growth temperatures. 
However, even at the permissive temperature, a significant portion of Lep remained 
inaccessible to protease digestion in the ffh™ mutant. As anticipated, this portion increased 
at 42°C as two-thirds of the carboxy-terminal domain did not properly insert into the inner 
membrane. Interestingly, at the nonpermissive temperature, the remaining fraction of Lep 
did become protease accessible, indicating that some portion of the protein properly inserted 
into the membrane without functional Ffh. Perhaps some fraction of Lep can be targeted by 
an SRP-independent pathway (49), or that other Sec proteins can facilitate translocation of a 
portion of membrane proteins. 
Formation of insoluble proteins and synthesis of heat shock proteins 
As described above, prolonged incubation of the ffh™ mutant at the nonpermissive 
temperature resulted in inclusion body formation. The formation of insoluble protein 
complexes in the Ffh mutant is a predicted consequence of the accumulation of aggregated 
hydrophobic proteins resulting from failed protein localization. Indeed, heat shock protein 
expression has been observed in other mutants defective in SRP component expression (6, 9). 
To determine the extent of insoluble and aggregated proteins accumulating in the mutant, we 
used a reagent designed for purification of insoluble inclusion bodies typically associated 
with the overexpression of recombinant proteins (B-PER™, Pierce, Rockford, IL). Since this 
represents a novel application of this reagent, we included two control strains to determine if 
the reagent was capable of separating naturally occurring E. coli proteins that had been 
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rendered insoluble by adverse growth conditions. These controls included an rpoH mutant 
that does not synthesize heat shock proteins in response to elevated growth temperatures (1), 
as well as culturing wild type E. coli at 48°C to induce protein misfolding and aggregation 
(40). These control cultures were compared with the ffh™ mutant to compare the relative 
amounts of insoluble proteins that accumulate under the different growth conditions. 
Cells were grown to a late logarithmic growth stage at different temperatures prior to 
adjusting the cell densities to equal ODeoo values. Cells were fractionated by the B-Per 
reagent, as described in Materials and Methods, and analyzed by SDS-PAGE. Images were 
analyzed with a scanning densitometer to allow comparison of the relative amounts of 
proteins resolved on each gel lane. Fig. 3-7 compares the levels of total cellular proteins, as 
well as soluble and insoluble proteins resulting from fractionation by the B-Per reagent. As 
also shown at Fig. 3-7A, no significant differences in the levels or patterns of total cellular 
proteins are noted between the different strains grown at various temperatures, while some 
decrease in the total amount of soluble proteins was noted with the rpoH mutant, and the 
wild type control grown at 48°C (Fig. 3-7B). However, significant increases in the total 
amount of insoluble proteins were observed in the rpoH mutant and the 48°C-grown cells, 
indicating that the B-Per reagent is effective for monitoring the amounts of non-recombinant, 
insoluble proteins in E. coli. Likewise, the Jfhrs mutant also showed an increase in the 
amounts of insoluble proteins at both the permissive and nonpermissive growth temperatures. 
At 42°C, the insoluble protein levels were comparable to those of the control strain grown at 
48°C (Fig. 3-7D), compare lanes e and g, and similar to that of the rpoH mutant strain 
cultured at 42°C (lane f), indicating the effect on protein integrity in the ffh mutant is as harsh 
as that resulting from severe heat shock stress. Even when the jfh mutant was growth at 30°C 
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increased levels of insoluble proteins were observed (lane b) which is consistent with our 
earlier observations 
We further predicted that such an increase in insoluble proteins should trigger a 
strong heat shock response, as observed for other conditions where Ffh, or 4.5S RNA was 
depleted (6,9). To test this, we used western blotting to compare the levels of two heat 
shock proteins, DnaK and GroEL, in the whole cell fraction of the strains at the different 
growth temperatures (Fig. 3-7B). As anticipated, upon shift temperature from 30°C to 42°C, 
some elevation in DnaK and GroEL levels were observed in the ffh+ control cells (compare 
Fig. 3-7B, lanes a and e). The increase in levels of these heat shock proteins was even more 
pronounced by growth at 48°C (lane g). In the ffh™ mutant, however, the levels of DnaK and 
GroEL were significantly elevated (Fig.3-7B, lanes b, f, g) over that found in the wild-type 
control strain at both 30°C and 42°C, as well as at 48°C. The levels of the cytoplasmic 
protein EF-G were also monitored to show the increase in protein levels were specific to the 
heat shock proteins. 
Discussion 
The SRP of E. coli was discovered, and has been largely characterized, by using 
reverse genetics approaches, where the gene was discovered not by selection for mutants 
displaying a specific phenotype, but rather by discovery of a gene sequence with interesting 
homologies to a counterpart from eukaryotic cells. One consequence of this approach is that 
the repertoire of mutants is often limited. Until recently, for example, the only reported 
alleles of ffs encoding the 4.5S RNA component of the SRP, was a complete gene knockout. 
The careful application of a genetic screen for defective localization of an inner membrane 
protein led to the isolation of weak ffs mutants (53). Most of the insights gained into the 
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function of the SRP in general, and Ffh specifically, have been gleaned by use of strains that 
allow regulated expression of the wild type (44). Although careful use of depletion systems 
have be an informative as to the function of the regulated gene product (6, 14, 37, 38,41, 54), 
there can also be potential problems in interpretation of results that could occur as a result of 
secondary effects of depletion of important gene products. It is with this caveat in mind that 
we sought an alternative approach to depleting E. coli of functional Ffh protein to further 
probe its cellular function. 
Our approach to isolate a temperature-sensitive ffh mutation was to perform localized 
chemical mutagenesis of ffh carried on a recombinant plasmid and then to screen for 
transformants that could only complement a ffh knockout mutation at 30°C. In order to 
identify a temperature-sensitive, recessive mutation in ffh by this strategy, however, required 
that a complementing copy of the gene be provided prior to introduction of the mutagenized 
plasmid DNA pool. To facilitate this we developed a plasmid shuffling system to allow 
displacement of one plasmid for another (Chapter 2). The results of this screen yielded a 
temperature-sensitive ffh mutant that rapidly showed inactivation of functional Ffh protein 
upon shift to the non-permissive temperature, as determined by the almost immediate change 
in growth rate at 30°C, and the rapid onset of cell filamentation. This latter phenotype is 
likely the result of improper localization of membrane-bound cell division proteins. Use of 
this mutant to study the physiological consequences of Ffh inactivation represents a marked 
improvement over the use of regulated depletion systems that require several generations of 
growth before phenotypic changes are observed. 
The rapidity in which the TS mutant ceases growth indicates that the protein is likely 
undergoing a conformational change that results in inactivation of previously synthesized 
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molecules. Additional characterization of the temperature-sensitive mutant to test this, as 
well as to study the interaction between Ffh and 4.5S RNA, will be presented elsewhere 
(Chapter 4). 
Our initial studies of the plasmid-bome jfh™ allele included attempts to introduce the 
mutant gene into the chromosome to reduce the gene dosage of the Ffh gene product. 
However, despite repeated attempts, we were unable to introduce the ffh™ mutation to the 
chromosome at the attachment site for bacteriophage A. to serve as the cell's sole functional 
copy of ffh. Consequently, overproduction of the thermolabile Ffh protein from a medium 
copy-number plasmid was required to complement the jfh knockout mutation. This result, 
coupled with other preliminary characteristics of SKPl 101, such as slow growth and a 
slightly elongated cell morphology at the permissive temperature of 30°C (Fig. 3-3 and 3-4), 
indicated that the temperature-sensitive Ffh protein is defective at all growth temperatures. 
This was confirmed by observing that translocation of two inner membrane proteins was 
delayed at 30°C in the temperature-sensitive mutant (Fig. 3-6), and that heat shock protein 
synthesis was elevated also at the permissive temperature (Fig 3-7B). Furthermore, analysis 
of the insertion of FtsQ and AcrB by the biotinylation assay required introduction of 
plasmids encoding PBST fusion constructs. However, in contrast to the control strain, 
transformants constitutively expressing an AcrB-PBST hybrid protein were inviable. 
Expression of this polytopic membrane protein could only be accomplished for these studies 
by placing it under control of the tightly regulated ara promoter. This result is reminiscent of 
the Slo phenotype exploited by Ulbrandt et al. to identify substrates that increased the 
requirement for SRP in the cell (54). The leaky phenotype of the jfh™ mutant should prove 
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useful in efforts to construct double mutants between jfh and other sec mutants since 
synthesis of functional SRP can be compromised even at low growth temperatures. 
It has been proposed that the SRP plays a limited role in generalized protein export 
since no SRP mutants were ever isolated from genetic screens and selections that 
successfully revealed other components of the protein export pathway (2). Furthermore, the 
disruption of the SRP pathway components, including Ffh (44, 54), 4.5S RNA (23, 45, 47), 
and FtsY (35, 52), either by regulated synthesis of the wild type protein or by use of 
dominant lethal mutations, resulted in only minor defects in signal sequence processing of 
several exported proteins. A genetic screen to identify the substrates for Ffh in vivo also 
failed to uncover any proteins with cleavable signal sequences (54). However, in vitro cross-
linking experiments (55, 56), and other biochemical studies designed to study interaction 
between Ffh and its substrates (63), did show that Ffh can interact with a variety of signal 
sequences, perhaps suggesting a broader function of Ffh in protein localization (16). 
Characterization of SKPl 101 has confirmed that the role of Ffh and the SRP in E. coli 
protein export is highly specific for the localization of inner membrane proteins, with no 
evidence observed that Ffh is required for export of proteins with cleavable signal peptides 
(Fig. 3-5). Inactivation of Ffh did, however, disrupt localization of the three integral 
membrane proteins tested (Fig. 3-6 and Table 3-2). Additional studies, again using Ffh 
depletion strains have led to the further conclusion that Ffh is required only for localization 
of a subset of membrane proteins (54). The recognition of targeting signals is apparently 
made on the basis of the hydrophobicity of the transmembrane domain (32). Analysis of the 
temperature-sensitive mutant described here should further assist in identifying E. coli 
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proteins that require the SRP for targeting, and to fully identify structural features of the 
targeting signals necessary for SRP-dependent localization. 
A secondary consequence of disruption of SRP-component synthesis noted in 
previous studies (6, 9, 45), as well as the studies reported here is the induction of the heat 
shock response. In fact, induction of a subset of heat shock proteins, specifically heat-
induced proteases, is actually required for viability of Ffh-depleted cells. This is likely due 
to the toxic effects of accumulation of extremely hydrophobic proteins in the cytoplasm (6). 
Characterization of the ffh™ mutant revealed that, even at the permissive growth temperature 
of 30°C, moderate induction of the heat shock proteins DnaK and GroEL was observed, with 
extreme induction observed following growth at 42°C (Fig. 3-7B). Using a detergent-based 
reagent to fractionate insoluble proteins from SKPl 101, we observed a significant increase in 
the number of insoluble proteins that accumulate in the temperature-sensitive mutant, 
particularly at the nonpermissive temperature (Fig. 3-7D). The failure to accurately localize 
proteins destined for noncytoplasmic locations has been previously reported to trigger heat 
shock protein induction (20, 61). 
Insertion of inner membrane proteins continues to occur at some low level even after 
significant depletion of SRP (14, 15, 41, 54). Likewise, measurements of Lep insertion using 
a quantitative proteinase accessibility assay revealed that insertion of the large carboxy-
terminal periplasmic domain of Lep continued even after prolonged growth at the non­
permissive temperature (Table 3-2). The residual translocation activity observed for Lep 
may be due to use of some components of the Sec export machinery that maintains Lep in an 
export-competent conformation, or it may be that a proportion of the Lep population 
fortuitously arrives at the membrane as a ribosome-associated inner membrane protein (6). 
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The combination of the jfh™ allele mutant described here in combination with other sec 
alleles should be valuable to distinguish between these possibilities. We do not believe that 
Lep insertion is a result of residual Ffh activity at the nonpermissive temperature since it has 
been reported that E. coli requires very low concentrations of Ffh to survive (6), yet at the 
time when the localization measurements are taken, the cells have ceased growth and are 
essentially inviable (Fig. 3-3). 
Additional insights can be gained from inspection of the temperature sensitive mutant 
into the structure of Ffh in vivo. Recent insights into the structure of the SRP has come from 
crystal structure analysis of Ffh from eubacteria (3, 25). One distinction in the results of 
these separate studies is the location of the first a-helical region in the carboxy-terminal M 
domain (aMl) in relationship to a disordered "finger loop", both predicted components of 
the signal sequence binding domain. The location of the helix-breaking Pro at amino acid 
338 encoded by the jfh™ allele suggests that this location is indeed in an a-helical 
conformation, as predicted by Keenan et al. (25). 
In conclusion, the temperature sensitive ffh mutant described in this study has 
provided an independent approach to test the function of the SRP in E. coli. In agreement 
with previous insights primarily made by the use of strains permitting depletion of the wild 
type protein, Ffh participates specifically in the localization of proteins to the inner 
membrane. Since the mutant also displays a moderate defect in Ffh function at 30°C, yet still 
remains viable, it will provide the opportunity to construct double mutants to test the 
potential requirements of the SRP pathway for other components of the Sec protein export 
machinery. Further characterization of this mutant should also prove useful in addressing 
questions of how the structure of the SRP contributes to its molecular function. 
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Table 3-1. Bacterial strains and plasmids used in this study 
Strain or Plasmid Relevant genotype or Description Reference or Source 
Strains 
W AM 100 
WAM113 
SKP1101 
SKP1102 
CAG629 
SKP1103 
SKP1104 
SKP1105 
SKP1106 
SKP1107 
SKP1108 
Plasmids 
pSKPPIO 
pSKPPll 
pHP42 
pHP44 
MC4100, ara+ 
source offfhlr.kan 
WAM 100 ffhl::kan [pSKPPIO] 
WAM100 ffhl::kan [pSKPPll] 
F" ,/acZ(am), phoA{Am), Ion, supC 
trp(Am), rpsL, rpoH{Am)165, zhgr.TnlO, 
ma/( Am) 
SKP1101 [pHP42] 
SKP1102 [pHP42] 
SKP1101 [pBAP576] 
SKP1102 [pBAP576] 
SKP1101 [pENGE-Lep] 
SKP1102 [pINGE-Lep] 
ffh™ cloned into the RSF1030-derivative 
cloning vector pLCC29, CamR 
ff}i+ cloned into the RSF1030-deri vative 
cloning vector pLCC29, CamR 
JtsQ-PSBT in pBAD18 
Source of acrB 576-PSBT 
(44) 
(44) 
This study 
This study 
New England 
Biolabs (1) 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
(53) 
(53) 
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pBADtopo Cloning vector for arabinose-regulated gene Invitrogen, Inc. 
expression, araC*, Amp* 
pBAP576 acrB576-PSBT cloned into in pBADtopo, This study 
AmpR 
pT7T3PhoA123 Expression of AP and Bla, AmpR (27) 
pINGE-Lep Expression of Lep, araC*, AmpR (13) 
a Amp , ampicillin resistance; Cam , chloramphenicol resistance; AP, alkaline phosphatase, 
Bla, ^-lactamase 
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Table 3-2. Efficiency of Lep translocation 
Growth temperature % Translocation of Lepa in: 
SKP1108 (ffh+) SKP1107 (ffh™) 
30°C 99 78 
42°C 100 33 
a The fraction of the carboxy-terminal domain of Lep that was translocated to the 
periplasmic space as measured by protease protection assays (51). 
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Figure Legends 
Figure 3-1. Temperature-sensitive growth offfii™ mutant. SKP1101 (WAM100 ffhl::kan 
[pSKPPIO] (A), and the isogenic control strain SKP1102 (WAM 100ffhl::kan [pSKPPll] 
(B) were streaked onto LB plates and cultured overnight at 30°C and 42°C, as indicated. 
Figure 3-2. Domain organization (A) and structure (B) of M domain of the Ffh protein. 
Functional domains of Ffh are as labeled. Also shown are the locations of the two amino 
acid changes, and their corresponding base pair alterations, resulting in the temperature-
sensitive phenotype of the ffli™ allele. The structure figure was generated using the program 
RasMol with coordinates from Protein Data Base (PDB). 
Figure 3-3. Growth characteristics of SKP1101 and SKP1102. Cells were cultured as 
described in Materials and Methods to determine change in OD^oo (A) and viable cell counts 
(B) at the permissive and nonpermissive growth temperatures. 
ODeoo or viable cell counts of SKP1101 at: 30°C; •—•, at 42°C; •—•, ODeoo or viable cell 
counts of SKP1102 at 30°C; A—A, at 42°C; >K—>K. 
Figure 3-4. Cell morphologies of E. coli strains cultured at different times at 30°C and 42°C. 
Figure 3-5. In vivo processing of presecretory proteins. The efficiency of export of selected 
periplasmic- and outer membrane proteins was determined by using a pulse-chase assay as 
described in Materials and Methods. Protein export efficiency was measured after growth at 
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42°C for 2 h. The numbers on the top are the chase times in seconds. P and M stand for 
precursor and mature form of the protein, respectively. 
Figure 3-6. Efficiency of localization of integral membrane proteins. Localization of FtsQ-
PBST (A and C) and AcrB-PBST (B and D) fusion proteins was monitored using a 
biotinylation assay (48). SKP1101 and SKP1102 were transformed with plasmids expressing 
the gene fusions (Table 3-1). Synthesis of the fusion proteins was induced with arabinose. 
In A-D, cells were grown at the indicated temperature. Also indicated is the allele of ffh 
carried by the transformants: +,j07i+(SKP11O2); TS^ffh™ (SKP1101). A. Biotinylated FtsQ-
BPST. B. Biotinylated AcrB-BPST. C. Immunoblot detection of FtsQ-BPST. D. 
Immunoblot detection of AcrB-BPST. Also shown are molecular weight markers. 
Figure 3-7. Protein expression analysis of E. coli strains. Cells were cultured to late 
logarithmic phase at the temperatures indicated above each figure prior to fractionation, or 
immunoblot analysis, and resolution by SDS-PAGE, as described in Materials and Methods. 
Lanes of each gel figure: a, d, and g, SKP1102 (jffh*); b and e, SKP1101 (jQTz75); c and f, 
CAG629 (rpoH). A. Whole cell protein profile. B. Immunoblot analysis for detection of 
heat shock proteins GroEL (top panel) and DnaK (bottom panel), as well as elongation factor 
G (top panel). C. Soluble protein fraction. D. Insoluble protein fraction. Molecular weight 
marker values are also shown. 
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CHAPTER 4: OVERPRODUCTION OF 4.5S RNA 
SUPPRESSED THE TEMPERATURE SENSITIVITY OF AN 
ESCHERICHIA COU ffh MUTANT 
A paper to be submitted to Journal of Bacteriology 
Sei-Kyoung Park and Gregory J. Phillips 
Abstract 
The temperature sensitivity of newly isolated E. coli ffh mutant was suppressed by 
overproduction of 4.5S RNA, the RNA component of the bacterial signal recognition 
particle. The suppression was due to stabilization of the thermolabile Ffh protein in the 
presence of elevated levels of 4.5S RNA. This observation can be exploited as a means to 
isolate and characterize 4.5S RNA mutants and should prove useful to better understand how 
the structure of the SRP contributes to its in vivo function. 
Introduction 
In eukaryotic cells, the signal recognition particle (SRP) plays an important role in 
targeting secretory proteins to the membrane of the endoplasmic reticulum (ER). The SRP is 
a ribonucleoprotein particle composed of six polypeptides and a 7S RNA of about 300 
nucleotides (28, 29). 7S RNA serves a scaffolding function for the SRP proteins and to link 
different functional domains (30). As nascent polypeptides emerge from the ribosome, 
membrane-targeting signals of presecretory proteins are recognized by a 54 kDa SRP 
component (SRP54). Translation of the polypeptide is then halted until the ribosome/nascent 
polypeptide/SRP complex is then targeted to a specific receptor located in the ER. At the 
membrane the translational arrest is released as the polypeptide is inserted into the ER. The 
SRP is apparently a ubiquitous membrane-targeting system as homologues to components of 
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the eukaryotic SRP have been found in all genomes sequenced to date, both prokaryotic and 
eukaryotic. 
Although E. coli contains an SRP, it is a "scaled down" version of the complex found 
in higher organisms. In E. coli, the SRP is comprised of a single protein and an RNA 
molecule (22). Both the RNA and protein components of the SRP have extensive homology 
with its eukaryotic counterpart and includes the Ffh protein (fifty-four homologue), so named 
because of its similarity with a 54 kDa SRP component of the eukaryotic SRP (2, 23). In 
addition, the RNA component of the E. coli SRP is a 4.5S RNA species that also displays 
both sequence and structural homology with the IS eukaryotic SRP RNA (21). Although the 
7S RNA is longer than 4.5S RNA (340 vs. 110 bases), extensive similarity is noted between 
region IV of the 7S species and a comparable region of conserved bulge structures in 4.5S 
RNA. In addition to the structural similarities, evidence has accumulated that the SRP in E. 
coli plays a similar physiological role as in eukaryotes. 
The Ffh protein and 4.5S RNA are associated in a ribonucleoprotein complex that 
recognizes and binds to specific membrane-targeting signals of presecretory proteins (11, 12, 
20, 22, 26). In addition, the Ffh/4.5S RNA particle interacts with FtsY, a putative SRP 
docking protein homologous to the eukaryotic SRa protein in a GTP-dependent manner that 
is similar to how the mammalian SRP interacts with its receptor (14). Mutants that are 
disrupted in expression of either protein or the RNA components of the SRP have been used 
to show the importance of the SRP in membrane protein targeting. These mutants are 
specifically defective in insertion of integral membrane proteins in the cytoplasmic 
membrane (6, 13, 24, 25) (Chapter 3). These, in combination with in vitro studies, indicate 
that the SRP is a component of a targeting pathway specific for membrane-bound proteins, 
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and does not function in a significant way for generalized export of proteins with cleavable 
signal sequences. 
In addition to studies to identify the primary function of the SRP in E. coli, recent 
attention has also been to undertake structure/function analysis of the ribonucleoprotein 
complex. Because of the similar functions played by the SRP in both prokaryotes and 
eukaryotes, characterization of the much simpler E. coli SRP is an attractive model system 
for these studies. Significant progress into identifying important components required for 
interaction between Ffh and 4.5S RNA has been made by determining of the crystal structure 
of the bacterial SRP (1, 10). 
Additional insights into the 4.5S RNA in SRP function has come from biochemical 
studies to show that the RNA is necessary to stabilize the protein upon binding of a targeting 
signal of an exported protein (9, 18, 31, 32). Also, interaction between Ffh and its 
membrane-associated receptor, FtsY, is greatly facilitated by the RNA molecule (8, 15,17). 
To better understand the function of Ffh in bacterial protein localization, we have 
isolated a temperature-sensitive ffh mutant (Chapter 3). The protein encoded by this allele is 
rapidly inactivated upon shift to the nonpermissive temperature of 42°C, and has been useful 
to better understand the in vivo function of Ffh in E. coli. In this study, we report the results 
of overproducing 4.5S RNA on the temperature-sensitive phenotype of the ffh™ mutant, and 
suggest the value of these studies for studying Ffh/4.5S RNA interactions in vivo. 
135 
Materials and Methods 
Bacterial strains and plasmids 
All strains are E. coli K12 derivatives. The strains and plasmids used in this study are 
in Table 4-1. 
Media and general genetic techniques 
Cells were grown in LB or E minimal (27) supplemented with vitamin B1 and amino 
acids. When required, antibiotics were added to the culture media at the following 
concentrations, ampicillin 100 |J.g/ml, chloramphenicol 20 fxg/ml. Transformations and 
plasmid DNA preparations were performed as described (5,7). Restriction enzymes and T4 
DNA ligase are purchased from BRL (Gaithersburg, MD) or New England Biolabs (Beverly, 
MA) and are used according to the manufacturer's instruction. Antiserum against Ffh is a 
gift from Dr. Phang C. Tai. 
Isolation of multicopy suppressor for ffh** mutation 
SKP1101, the jffh™ strain, was transformed with a pBR322-based E. coli genomic 
library and transformants selected for their ability to grow at 42°C on LB agar plates 
containing ampicillin. Plasmids from viable colonies were isolated and retransformed into 
SKP1101 to confirm their ability to suppress the temperature-sensitive phenotype. The 
plasmid inserts from transformants isolated were sequenced. 
Stability of Ffh and Ffh75 proteins by immunoprecipitation 
Pulse-chase labeling and immnunoprecipitation were used to determine Ffh protein 
stability. SKP 1101 (ffhTS) and SKP1102 (ffh*), were grown at 30°C overnight in minimal E 
medium containing vitamin Bl, a mixture of 18 amino acids excluding methionine and 
cysteine, and 0.4% glucose. Ampicillin was added to the media as required for maintenance 
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of recombinant plasmids. The next morning, cells were resuspended in the same medium at 
an optical density (ODeoonm) of 0.02 and cultured at 30°C until the cells reached an OD of 
0.05-0.06. Half volume of the cultures is then grown at 42°C for various amount of time. 
One ml of aliquots removed from both cultures at 30°C and at 42°C 2 h after shift the 
temperature were labeled for 20 sec with 10 p.Ci/ml of Trans 35S-label (Amersham Pharmacia 
Biotech, Piscataway, NJ, specific activity 1000 Ci /mmole). An equal volume of prewarmed 
chase solution (E minimal supplemented with 0.8% of methionine and cysteine) was added 
and chased for 5, 15, and 30 min at same temperature as the cultures were grown. 
Immunoprecipitation followed the procedures described previously with antiserum to Ffh and 
chloramphenicol transacetylase (Cat) as an internal control (Chapter 3). Autoradiograms 
were visualized and scanned for calculation of half-life of proteins using the GS-363 
Molecular Imager System (Bio-Rad Inc., Hercules, CA). 
Isolation of jfs mutants 
To introduce mutations into thejffs gene, in vitro mutagenesis of pSB832 (Jfs*) was 
carried out by treatment with hydroxylamine (16). Mutants were then screened by the loss of 
suppression of the temperature sensitivity of the jffi™ mutant. SKP1101 transformants with 
the mutated pSB832 were first selected at 30°C and then replica plated to 42°C to identify 
those clones that failed to yield viable colonies. Plasmid DNA was isolated from several 
transformants and retransformed into SKP1101 to confirm the loss of suppression phenotype. 
The complementation tests of the jfs mutants isolated were carried out by transforming 
SI 192 (4), and transformants were streaked both with and without the lac inducer IPTG. 
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Results and Discussion 
Suppression of an ffh1* mutant by 4.5S RNA overproduction 
We have recently isolated and analyzed a temperature-sensitive mutation in jffh 
resulting from two amino acids changes in the carboxy-terminal M-domain, the 4.5S RNA 
binding domain (Chapter 2 and 3). To further characterize this mutation, we screened an E. 
coli genomic library to search for genes that can suppress the temperature sensitivity 
phenotype when expressed from a multicopy plasmid. Amp* transformants were selected at 
42°C and plasmids from viable cells were isolated and sequenced. We found that all clones 
analyzed carried the jfs, the gene encoding 4.5S RNA. The suppression phenotype was 
further confirmed by transforming SKP1101 with pSB832, a pBR327-derivative plasmid 
carryingjffs+. Deletion of the jfs coding region from this plasmid by digestion with Mlul 
completely eliminate the suppression (Fig. 4-1) 
Stability of Ffh in vivo 
One mechanism of how the temperature sensitivity of SKP1101 is suppressed is that 
the thermolabile Ffh protein in this strain could be stabilized as a result of increased levels of 
its interactive partner. To test this, we measured the stability of Ffh in SKP1101, as well as 
in the isogenic Jfh+ control strain SKP1102, in the presence of elevated level of 4.5S RNA. 
As shown in Fig. 4-2, the half-life of the product of the ffhallele was significantly reduced 
in comparison with the wild-type protein at 42°C, with aT^of 8.4 minutes. However, when 
4.5S RNA was overexpressed, the stability of the thermolabile protein became equivalent to 
that of the wild-type Ffh protein (T\ri of 14.4 minutes). These results are consistent with 
previous studies that showed that in vivo wild-type Ffh is itself unstable when not associated 
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with 4.5S RNA (9, 18), and from experiments that revealed that interaction with 4.5S RNA 
dramatically reduced the susceptibility of Ffh to protease cleavage in vitro (32). Thejffh™ 
mutation ostensibly heightens the instability that is inherent to wild-type Ffh in the absence 
of 4.5S RNA. The protein becomes stabilized, however, as more of the protein is driven into 
a ribonucleoprotein complex in the presence of elevated levels of 4.5S RNA. 
Characterization of SKP1101 revealed that it exhibits a partial defect in SRP function 
at the permissive temperature of 30°C, and rapidly decreases its viability upon growth at the 
nonpermissive temperature of 42°C (Chapter 3). The observations reported here also provide 
an explanation for the phenotypes of SKP1101. The reduced stability of Ffh, likely resulting 
from a decreased affinity for 4.5S RNA, lowers the effective concentration of functional Ffh 
in the cell which is below the level necessary for cell survival at 42°C. 
Isolation of ffs mutants 
We further explored the potential of using the ffh™ mutant as a new approach to study 
SRP assembly by screening for 4.5S RNA mutants that were incapable of suppressing the 
temperature sensitivity of SKP1101. By this approach we hoped to isolate ffs mutants that 
were defective in interaction with Ffh, thereby leading to new insights into Ffh/4.5S RNA 
interaction in vivo. 
Initially we used a random mutagenesis by treating pSB832 with hydroxylamine (16), 
and then screened transformants to identify clones that failed to suppress the temperature 
sensitivity of SKP1101. Given the essential nature of both SRP components in E. coli (3, 
19), we predicted that mutations that failed to interact with Ffh would also fail to 
complement the jfs knockout mutant, SI 192. Since jfs is an essential gene, SI 192 has its sole 
functional copy of jfs under control of the lac promoter (4). Therefore, transformants were 
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streaked both with and without the lac inducer IPTG. Four independently isolated mutants 
were chosen for further study (Table 4-2). Surprisingly, all these mutants fully 
complemented the ffs mutation in SI 192. DNA sequence analysis of the mutants revealed 
that they all had alterations outside of the 4.5S RNA coding region, specifically in the 
putative promoter of ffs. Because suppression of the temperature-sensitive phenotype of 
S1192 requires overproduction of 4.5S RNA, we predicted that the promoter mutations 
simply resulted in the reduction of 4.5S RNA levels below that required for suppression, but 
still expressed sufficient levels to support viability. To avoid continually identifying 
mutations that were localized outside of the 4.5S RNA coding region, we propose to use 
PCR-based site-directed mutagenesis to generate specific changes to ffs and analyze their 
effects on the ffh™ mutant. 
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Table 4-1. Bacterial strains and plasmids used in this study 
Strain or Plasmid Relevant genotype or Description Reference or Source 
Strains 
WAM113 Source of jfhl::kart (19) 
SKP1101 WAM100 ffhl::kan [pSKPPIO] Chapter 3 
SKP1201 WAM100 jfhl::kan, [pSKPPll] Chapter 3 
SKP1401 SKP1101 pSB832 (ffs+) This study 
SKP1402 SKP1101 pSB832 AMlul (ffs') This study 
SKP1403 SKP1102 pSB832 (ffs+) This study 
SKP1404 SKP1102 pSB832 AMm/I (ffs) This study 
S1192 HfrH/ac/2 relAl ffs::kan59\ 
(Ximm434 c+ ninS Xhol: : (p(Ptac-ffs) 
(6) 
Plasmids 
pSB832 jfs+ in pBR327-derivative plasmid, bla (3) 
pSB832AAfZuI ffs' in pSB832 This study 
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Table 4-2. Genetic characterization of ffs mutants 
ffs allele1 Suppression2 Complementation3 
+ + 
ffsAMlul - -
ffs-1-1* - + 
ffs-2-1* - + 
ffs-11* - + 
ffs-15* - + 
1. jfs alleles are in pSB832. 
2. The phenotypes of SKP1101 (ffhTS) with each the ffs allele. +: suppression of the ffhP" at 
42°C, lost suppression of the jfh^ at 42°C. 
3. The phenotypes of S1192 with each the jfs allele. +: complementation of the 
chromosomal knock out jfs. -: lost complementation of the chromosomal knockout of jfs. 
* ffs mutants carrying a promoter mutation 
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Figure Legends 
Figure 4-1. Suppression of the temperature sensitivity of SKP1101 by 4.5S RNA 
overproduction. 1. SKP1101 pSB832 (ffs*); 2. SKP1102 pSB832 (jfs*), 3. SKP1102 
pSB832AAf/«I  ( j f s ) ,  4.  SKP1101 pSB832AM/«I  ( f f s ) .  
Figure 4-2. Stability of Ffh and Ffh1^ with pSB832AM/aI (ffs ) (A) and with pSB832 (ffs*) 
(B) in vivo. The stability of proteins was measured at the indicated growth temperatures by a 
pulse-chase assay as described in Materials and Methods. Immunoprecipitates were resolved 
by SDS-PAGE. Shown are the locations of the Ffh protein and the Cat protein control. The 
numbers on the top are the chase times in minutes. 
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30°C 42°C 
Figure 4-1. 
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CHAPTER 5: GENERAL CONCLUSION 
Protein localization is the process whereby preproteins, synthesized in the cytoplasm, 
are targeted either for direct insertion into the lipid bilayer, or are translocated across the 
membrane for placement in other subcellular compartments. Protein localization is an 
essential process in all living cells with many features that are conserved between 
prokaryotes and eukaryotes. 
In E. coli, many proteins are translocated through the inner membrane for targeting to 
the periplasmic space and the outer membrane via the Sec-dependent export pathway. This 
well-studied export system is characterized by its ability to direct proteins that utilize 
cleavable signal sequences as targeting signals to specific sites of membrane translocation. 
Components of the Sec pathway include SecB, an export-specific chaperone that serves to 
maintain preproteins in an export-competent conformation. SecB also assists many proteins 
in delivering them to SecA, an ATPase that provides the energy for membrane translocation. 
A trio of integral membrane proteins, SecY, SecE, and SecG, are evolutionarily conserved 
components of the translocator complex, the site where proteins actually cross the lipid 
bilayer. Additional bacterial proteins have also been found that assist by improving the 
efficiency of the export process. The components of the protein export machinery in E. coli 
have been discovered primarily by genetic approaches to isolate mutants that are defective in 
protein localization. 
Contrary to most cellular processes, our understanding of how proteins are localized 
to the inner membrane in bacteria is not as well characterized as in higher eukaryotes. In 
mammalian cells, a ribonucleoprotein complex known as the signal recognition particle 
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(SRP) is involved in cotranslational localization of proteins to the endoplasmic reticulum 
(ER) membrane. Subsequent to the characterization of the SRP in eukaryotes, homologues 
to some of the SRP components were discovered in E. coli, raising the possibility that 
bacteria also possess an SRP-like pathway. This discovery was unexpected since no mutants 
had ever been isolated in any of these SRP homologues. 
In E. coli, the ffh gene (fifty-four homologue) was discovered based on its homology 
to a gene encoding the SRP54 protein in eukaryotes. SRP54 is a GTPase that is an essential 
component of the SRP known to recognize hydrophobic signal sequences. Also in E. coli, 
the jfs gene encodes a 4.5S RNA molecule that is similar in conformation to domain IV of a 
7 S RNA, the RNA component of the eukaryotic SRP. An additional conserved component 
of the SRP pathway is FtsY with its homology with the eukaryotic SRP receptor, SRa. FtsY 
is encoded by a gene that forms a part of an operon originally thought to be important for 
bacterial cell division. 
In additional to sequence similarities, a series of biochemical studies provided 
evidence of functional similarities between the E. coli SRP and its counterpart in eukaryotic 
cells. However, genetic studies using E. coli mutants where Ffh, or FtsY was depleted, as 
well as a strain that expressed a dominant-negative allele of jfs, suggested that the E coli SRP 
might not participate in the export of proteins that are recognized by the Sec pathway. More 
recent evidence further suggests that the E. coli SRP has a specific function in targeting 
extremely hydrophobic proteins to the cytoplasmic membrane. These results were obtained 
largely by following the fate of specific model membrane proteins in strains where either Ffh 
or 4.5S RNA was depleted. Supporting evidence for the role of the SRP in targeting proteins 
to the cytoplasmic membrane also came from biochemical studies that revealed that Ffh is 
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efficiently cross linked only to hydrophobic regions of proteins that represent membrane-
spanning domains. 
Unfortunately, due to the manner in which the bacterial SRP was discovered, most of 
the insights about how Ffh functions as a component of the bacterial SRP comes from a 
limited collection of genetic tools. To more clearly address the function of Ffh in E. coli, we 
have sought to isolate new ffh mutants. Specifically, conditional mutants, such as those that 
are temperature-sensitive or cold-sensitive, were sought as a means to determine the 
physiological consequences of immediate disruption of Ffh activity. To facilitate screening 
for a conditional mutant in an essential gene, a plasmid shuffling system was developed. 
Plasmid shuffling has been a valuable tool in characterizing gene function in yeast, but is 
underutilized as a genetic approach in bacteria. 
The strategy for isolation of a conditional ffh mutant was to perform random 
mutagenesis on a ffh + recombinant plasmid and then introduce the mutagenized plasmids 
into a ffh knockout mutant. The resulting transformants were then screened to identify those 
clones that could only complement the ffh null allele at a permissive growth temperature. 
However, since ffh is an essential E. coli gene, a complementing copy of the gene must be 
present for the cells to be viable. Consequently, a cloning vector was constructed that 
permitted rapid displacement of a complementing copy of ffh following transformation with a 
pool of mutagenized plasmids. To accomplish this, an oriC minichromosome that is 
extremely unstable in the absence of selection was used to provide a complementing copy of 
ffh. To screen for colonies that had lost this minichromosome, we introduced a lacf 
supemepressor allele of the lac repressor to the vector. Therefore, transformants carrying the 
minichromosome were phenotypically Lac as long as they maintain the oriC vector. 
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However, when a second plasmid that also carried a complementing copy offfh was 
introduced, the unstable plasmid was displaced and the cells reverted to a Lac+ phenotype. 
Conversely, if the complementing ffh had been mutationally rendered non-functional then the 
oriC plasmid was maintained and the cells retained an easily scorable Lac phenotype. 
To isolate temperature-sensitive ffh mutants, a specialized "screening strain" was 
constructed. This E. coli strain was transformed with hydroxylamine-treated plasmid DNA 
and transformants selected at 42°C. Lac" colonies were identified and then grown at 30°C to 
identify those that reverted to a Lac+ phenotype at this permissive temperature. 0.07% of the 
Lac mutants isolated at 42°C were found to be temperature-sensitive. The plasmid shuffling 
strategy described in this study has been proved to be an efficient genetic system to isolate 
temperature-sensitive mutants and should prove useful for analysis of any number of 
essential bacterial genes. 
The temperature-sensitive ffh mutant isolated by the plasmid shuffling strategy was 
found to be the result of two amino acid changes in conserved regions of the protein. 
Characterization of the mutant revealed that had the desired properties of rapid loss of 
viability upon shift to the nonpermissive temperature, indicative of an extremely thermolabile 
protein. The mutant almost immediately exhibited an elongated morphology and ceased 
growing soon after shift to the nonpermissive temperature; a phenotype that required several 
generations of growth to achieve under previously used depletion strategies. 
The temperature-sensitive ffh mutant has proven useful to test previous models of E. 
coli SRP function. It was clearly shown that the efficiency of signal sequence cleavage of 
selected periplasmic and outer membrane proteins was not altered upon growth at the 
nonpermissive temperature, indicating these preproteins do not require Ffh for their 
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translocation. Conversely, using an assay in which membrane targeted proteins are subject to 
biotinylation, two model proteins were inefficiently localized in the temperature-sensitive 
mutant. The localization defect, although more pronounced at 42°C, was also noted at the 
permissive temperature, indicating that thejffh allele encodes a protein that is partially 
defective at lower growth temperatures. From these results, it was confirmed that Ffh 
participates specifically in the targeting of integral membrane proteins to the cytoplasmic 
membrane. 
Evidence was also provided that the mutant accumulated insoluble proteins in the 
cytoplasm, and had elevated levels of heat shock protein synthesis, consistent with a block in 
localization of hydrophobic membrane proteins. 
Additional characterization of the temperature-sensitive mutant revealed that the 
product of the ffli™ allele is extremely unstable at the nonpermissive temperature, with a 
half-life much shorter that that of the wild type protein. Strikingly, the temperature-
sensitivity of the mutant was completely suppressed by overproduction of 4.5S RNA. Under 
these conditions, the thermolabile Ffh protein became as stable as wild type. This 
observation should prove valuable to better understand the how the structure of the SRP 
contributes to its function in vivo. This possibility was tested by isolatingjQS mutants that 
had lost the ability to suppress the temperature sensitivity of the ffh mutant. 
In conclusion, the temperature-sensitive ffh mutant isolated and characterized in this 
study has provided an independent approach to test the function of the SRP in E. coli. In 
agreement with previous studies that mainly exploited strains where synthesis of wild type 
Ffh was repressed, Ffh participates specifically in the localization of proteins to the inner 
membrane. Since the mutant also displays a moderate defect in Ffh function at permissive 
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temperature and yet still remains viable, it will also provide the opportunity to construct 
double mutants to test the potential requirement of the SRP pathway for other components of 
the Sec protein export machinery. The observation that the temperature-sensitivity of the ffh 
mutant can be suppressed by overproduction of 4.5S RNA will also be of value in better 
understanding the in vivo structure and function of the SRP in E. coli. 
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APPENDIX: HIGH COPY NUMBER PLASMIDS 
COMPATIBLE WITH COMMONLY USED 
CLONING VECTORS 
A paper published in Biotechniques 228: 400-408 (2000) 
Gregory J. Phillips, Sei-Kyoung Park, and Damon Huber 
A number of genetic and biotechnological applications are facilitated by the ability to 
transform Escherichia coli with more than one recombinant plasmid. For example, a plasmid 
that carries a gene of interest may require that a trans-acting regulatory protein be expressed 
from a second plasmid in the cell to effectively regulate its expression (9, 16, 29). In 
addition, purification of multisubunit complexes, or characterization of the interaction 
between gene products, can also be facilitated by elevated expression of the interactive 
components. In E. coli, for example, the Ffh protein interacts with a 4.5S RNA species to 
form a ribonucleoprotein complex known as the signal recognition particle (SRP) (17, 18). 
To better understand the interactions between Ffh and 4.5S RNA we sought to jointly over-
express both of the SRP components in E. coli. One strategy to do this was to individually 
clone ffh and ffs, which encodes 4.5S RNA, into cloning vectors that are members of 
different incompatibility groups and transform both plasmids into the same E. coli strain. 
Some of the most commonly used plasmid vectors are derivatives of the ColEl-like plasmid 
pMBl, including pBR322 (2), and high copy number versions comprising the pUC (27, 32) 
and pBluescript (Stratagene, LaJolla, CA) family of vectors. Multicopy cloning vectors that 
are compatible with pMBl plasmids include those that use the pl5A origin of replication 
(ori) such as pACYC177, pACYC184 (4), as well as other derivatives (1). In general, these 
plasmids exist at a medium copy number of 15-20 plasmids/chromosome. Also, described 
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are cloning vectors derived from pSClOl (13, 28) that are maintained at low copy number (6-
8 copies/chromosome). These vectors permit construction of bacterial strains that harbor 
compatible plasmids. While medium to low copy number vectors may be suitable for many 
applications, their use can be limited when high-level expression of a gene product is 
required. Therefore, to maximize expression of two different gene products we sought to 
construct new cloning vectors that are compatible with many commonly used plasmids and 
that replicate at a high copy number. Although replication of ColEl-like plasmids is 
dependent on DNA polymerase I and their replication is regulated by the interaction of two 
complementary RNA transcripts, distinct incompatibility groups have been identified (20, 
22). The ColEl-like plasmid RSF1020 910), for example, is able to co-reside with both 
pMBl and pISA-derivative plasmids, as well as with non-ColEl vectors such as pSClOl. 
The ori from RSF1030 was therefore selected for construction of a series of new cloning 
vectors. 
Wild-type RSF1030 is maintained at a copy number of 15-20 per chromosome 
equivalent, a copy number that is comparable to pBR322 (6), pACYC177 and pACYC184 
(4). To construct a cloning vector that replicates at a high copy number yet maintains its 
compatibility with commonly used cloning vectors, a high copy number mutant of RSF1030 
was isolated. An RSF1030 derivative, pSTIO (22), was converted to a high copy number 
mutant by selecting transformants able to form colonies in the presence of elevated levels of 
ampicillin and methicillin. An overnight culture of DH5a transformed with pST19 was 
plated onto LB agar plates (21) containing 400 pg/mL ampicillin and 400 |ig/mL methicillin 
(31). Several colonies that arose under these selective conditions were screened using a rapid 
cell lysis procedure (19) to identify transformants that contained elevated quantities of 
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plasmid DNA. A single mutant that yielded significantly more plasmid DNA than cells 
transformed with pST19 was selected for further analysis. 
DNA sequence analysis of a 1.5 kb segment containing the ori from the high copy 
number mutant revealed a single base pair alteration located in a region that encodes the 
RNAH replication primer and the antisense RNAI transcript (Fig. A-1A). Although this 
mutation does not appear to have been previously reported in selections for high copy 
number mutant of ColEl plasmids (7), the location of this mismatch with the RSF1030 ori 
suggests a possible mechanism for increased copy number. It is well established that the 
copy number of ColEl-like plasmids is regulated by interaction between folded RNAI and 
RNAH molecules in a way that prevents RNAŒ from functioning effectively as a primer for 
replication (14, 15, 25). Initial interaction between RNAI and RNAH occurs by contact 
between the loop regions of the folded RNA molecules (the regions I', IT, and Ht' are shown 
for RNAI in Fig. 5-IB) (24). If this initial interaction is weakened then RNAH can more 
frequently assume a confirmation required for it to prime the initiation of replication. Fig. 5-
1B shows that the RSF1030 high copy number mutation disrupts a G-C intermolecular base 
pair in the stem region comprising the IT structure of the RNAI molecule (20). This 
mismatch is positioned so that is would extend a stretch of unpaired bases with the IT them to 
a total of four. It is reasonable to suggest that this alteration could also disrupt the IT loop 
structure and, as a consequence, weaken the ability of RNAI to interact with the RNAH 
primer, leading to an increased frequency of initiation of plasmid replication. It is also 
worthy to note that, although significant homology exists between the RNAI molecules of 
several ColEl-like plasmids, the high copy number mutation corresponds to a region of 
RNAI that is unique to RSF1030 (20). 
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The high copy number RSF1030 mutant was modified to introduce a variety of 
features to convert it to a series of versatile cloning vectors. Using standard techniques of 
recombinant DNA (19), a 1.5 kb BstYI fragment containing he ori from the high copy pST19 
mutant was ligated to a 2.3-kb Bali fragment from pWSK29 and pWSK30 (28), creating 
pDHA29 and pDHA30, respectively (Fig. A-2). These plasmids impart resistance to high 
levels of ampicillin (AmpR, 100 (Xg/mL). Derivatives of pDHA29 and pDHA30 were also 
constructed that impart resistance to different antibiotics. The chloramphenicol (Cam*, 20 
Hg/mL) derivatives pDHC29 and pDHC30 were constructed by replacing 0.7 kb Dral 
fragment containing the ^-lactamase gene (bla) (10) from pDHA29 and pDHA30 with a 
similar sized BsaAl-BstUl fragment encoding cat from pSU23 (1), respectively. pDHK29, 
and pDHK30 are kanamycin resistant derivatives (KanR, 30 (Xg/mL and were constructed by 
replacing bla on pDHA29 and pDHA30 with a 1.3 kb 5r«I fragment encoding the KanR 
determinant (apt) from pBSK8 (23), respectively. As shown in Fig. A-2, all vectors carry the 
multiple cloning site and lacZo. from pBluescriptH to facilitate screening of recombinant 
plasmids by blue/white colony color on X-gal. The vectors also carry flon"(+) for isolation 
of single-stranded DNA. 
To characterize the cloning vectors, plasmid copy number determinations were made 
by a modification of the technique described by Wegrzyn et al. (30). DH5a (Life 
Technologies, Gaithersburg, MD) was transformed with pDHA29, pBR322 or 
pBluescriptIIKS(+) as described (11) and then cotransformed with the pSClOl-derivative 
plasmid pWSK129 (28). Cultures were grown at 30°C to saturation in the presence of 
antibiotics, and the cells were lysed by treatment with alkaline lysis solution (19). Plasmid 
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DNA was resolved directly from the cell lysates by electrophoresis through a 0.8% agarose 
gel. Following staining with ethidium bromide, the gel image (Fig. A-3) was captured and 
analyzed by a Gel-Doc™ 2000 imaging system (BioRad Laboratories, Herecules, CA) 
USING PWSK129 as an internal standard. Copy number determinations were made by 
comparing the relative fluorescence of pDHA29 with that of pBR322 and 
pBluescriptIIKS(+). The copy number of pDHA29 was observed to be 150-200 
copies/chromosome, a value somewhat elevated over pUC- and pBluescript-derivative 
plasmids (5). Similar copy numbers were also observed for CamR and KanR derivative 
plasmids. 
The new cloning vectors were shown to be compatible with pBR322, pBluescriptH, 
pACYC184, and pWSK129. Different pDH- vectors were transformed into E. coli DH5a 
that had previously been transformed with other cloning vectors encoding different antibiotic 
resistances. After culturing the transformants in the absence of antibiotics selection 
overnight (representing approximately 20 generations), cells were plated onto media to select 
for the RSF1030-derivative transformants. Colonies were subsequently replica plated onto 
media to screen for the antibiotic resistance encoded by the co-resident plasmid. A typical 
result indicated that 98% of the population retained both the high copy number plasmid and 
the second cloning vector. In contrast, plasmids with known incompatibilities showed a 
nearly complete loss of one of the plasmids. In a typical experiment, only 12% of a 
population retained two incompatible plasmids when cultured overnight without antibiotics. 
Two RSF1030-derivatives with different antibiotic resistance markers were also shown to be 
incompatible with each other (data not shown). 
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The newly constructed cloning vectors were used to express both components of the 
E. coli SRP in the same bacterial strain. To accomplish this, a derivative of pDHC29 that 
carried ffs* was constructed. This plasmid, pDHC29-j^$, was made by introducing a 0.6 kb 
HindHL-BamHl fragment encoding 4.5S RNA from pSB832 (3) into the multiple cloning site 
of pDHC29. pDHC-j^f was transformed into a derivative of E. coli MC4100 (21) that also 
carried pFfhlS, a pUC18-based plasmid previously constructed in our laboratory that 
expressed Ffh. Control plasmids were also assembled by deleting the coding region for 
either ffs or ffh. PDHC29-j^s was digested with Mlul and relegated to yield pDHC29-A#s. 
PFfhl9A#7z was constructed by removing an EcoRV fragment to delete a significant portion 
of the ffh gene. Two additional plasmids were constructed by inserting ffh*, and the EcoRV 
deletion derivative into pBR322, yielding pFfh322 and pFfh322Affh, respectively. 
The levels of 4.5S RNA expressed from pDHC29-ffs were determined by Northern 
hybridization. Cultures of MC4100 transformed with pFfhlS along with either pDHC29-ffs 
or pDHC29-A#s were grown overnight in the presence of both AmpR and CamR. Total 
cellular RNA was isolated from the cultures (Tri-Pure® Isolation reagent, Roche, Molecular 
Biochemicals, Indianapolis, IN) and resolved by electrophoresis on a 1.3% agarose gel under 
denaturing conditions (19). RNA was electrophoretically transferred to a nylon membrane 
(Hybond®; Amersham Pharmacia Biotech, Piscataway, NJ) and probed with a 0.6 kb 
Hin<ffll-BamHL ffs fragment from pSB832 that had been radioactively labeled with [32P]-
dATP (HexaLabel™ DNA labeling kit; MBI-Fermentas, Amherst, NY). Blots were 
hybridized at 68°C and washed twice at room temperature before exposure by 
phosphorimager analysis (GS-363 Molecular Imager System™; Bio-Rad Laboratories). As 
shown in Fig. A-4 (lanes 3 and 4), the strain transformed with the pDHC29-j$s+ plasmid 
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yielded significantly more 4.5S RNA than the control strain where the RNA was expressed 
only from a single chromosomal copy of jfs (lanes 1 and 2). As noted in Fig. A-4, the 
exposure times of the filters had to be adjusted to ensure adequate resolution of both samples. 
West immunoblot analysis was then used to determine the amount of Ffh expressed 
from various MC4100 transformants. Cultures of different transformants were grown 
overnight, as described above. Samples were prepared and total cellular proteins were 
resolved by SDS-PAGE on a 10% gel, using a standard protocol (8). Proteins were 
electrophoretically transferred to nitrocellulose, and the filters were reacted with polyclonal 
antibodies against Ffh as described (8). The decorated proteins were visualized by addition 
of horseradish peroxidase-conjugated secondary antibodies and substrate (Opti-4CN™; Bio-
Rad Laboratories). Although Fig. A-5 shows that Ffh could be detected in all samples, we 
observed that significant overproduction of the protein occurred only when 4.5S RNA was 
also expressed at elevated levels in the cell (compare Fig. A-5, lanes 2 and 3). Strikingly, the 
levels of Ffh expressed from pFfhlS alone were not significantly higher than that seen when 
Ffh was expressed from the chromosome (Fig. A-5, lanes 3 and 5). Similar results were also 
seen when ffh was expressed from a pBR322-deri vati ve plasmid (Fig. A-5, lanes 6-9). This 
result is consistent with a previous report that the stability of Ffh is dependent on the levels 
of 4.5S RNA (12). Apparently, Ffh is unstable when not assembled into the SRP and so 
significant overproduction of the protein actually requires increased expression of 4.5S RNA. 
In conclusion, the pDH-vectors have been constructed that replicate at high copy 
numbers are compatible with commonly used cloning vectors. Derivatives of these vectors 
have been used to produce both components of the E. coli SRP and likewise should be useful 
to increase expression of a number of gene products in combination with products expressed 
from a number of other cloning vectors. 
References 
1. Bartolomé, B., Y. Jubete, E. Martinez, and F. de la Cruz, 1991. Construction and 
properties of a family of pACYC184-derived cloning vectors compatible with 
pBR322 and its derivatives. Gene. 102: 75-78. 
2. Bolivar, F., R.L. Rodriguez, PJ. Greene, M.C. Betlach, H.L. Heynecker, H.W. 
Boyer, J.H. Crosa, and S. Falkow, 1977. Construction and characterization of new 
cloning vehicles. H. A multipurpose cloning system. Gene. 2: 95-113. 
3. Brown, S. and MJ. Fournier, 1984. The 4.5S RNA gene of Escherichia coli is 
essential for cell growth. J. Mol. Biol.. 178: 533-550. 
4. Chang, A.C.Y. and S.N. Cohen, 1978. Construction and characterization of 
amplifiable multicopy DNA cloning vehicles derived from the P15A cryptic 
miniplasmid. J. Bacteriol.. 134: 1141-1156. 
5. Chao, S.L.-C., W.-T. Chen, and T.-T. Wong, 1992. High copy number of the pUC 
plasmid results from a rom/rop-suppressible point mutation in RNAII. Mol. 
Microbiol.. 6: 3385-3393. 
6. Covarrubias, L., L. Cervantes, A. Covarrubias, X. Soberon, I. Vichido, A. 
Blanco, Y.M. Kuperstoch-Portnoy, and F. Boliver, 1981. Construction and 
characterization of new cloning vehicles, V. Mobilization and coding properties of 
pBR322 and several deletion derivatives including pBR327 and pBR328. Gene. 13: 
25-35. 
163 
7. Davison, J., 1984. Mechanism of control of DNA replication and incompatibility in 
ColEl-type plasmids-a review. Gene. 28: 1-15. 
8. Harlow and Lane, Antibodies, A Laboratory Manual. 2nd ed. 1994, Cold Spring 
Harbor, NY: Cold Spring Harbor Press. 
9. Hasan, N. and W. Szybalski, 1995. Construction of lacts and lacflts expression 
plasmids and evaluation of the thermosensitive lac repressor. Gene. 163: 35-40. 
10. Heffron, G., R. Sublett, R.W. Hedges, A. Jacob, and S. Falkow, 1975. Origin of 
the TEM beta-lactamase gene found on plasmids. J. Bacteriol.. 122: 250-256. 
11. Inoue, H., H. Nojima, and H. Okayama, 1990. High efficiency transformation of 
Escherichia coli with plasmids. Gene. 96: 23-28. 
12. Jensen, C.G., S. Brown, and S. Pedersen, 1994. Effect of 4.5S RNA depletion on 
Escherichia coli protein synthesis and secretion. J. Bacteriol. 176: 2502-2506. 
13. Lemer, C.G. and M. Inouye, 1990. Low copy number plasmids for regulated low-
level expression of cloned genes in Escherichia coli with blue/white insert screening 
capability. Nucleic Acids Res.. 18:4631. 
14. Masukata, H. and J. Tomizawa, 1984. Effects of point mutations on formation and 
structure of the RNA primer for ColEl DNA replication. Cell. 36: 513-522. 
15. Masukata, H. and J. Tomizawa, 1986. Control of primer formation for ColEl 
plasmid replication: conformational change of the primer transcript. Cell. 44: 125-
136. 
16. Munson, M., P.F. Predki, and L. Regan, 1994. ColEl-compatible vectors for high-
level expression of cloned DNAs from the T7 promoter. Gene. 144: 59-62. 
164 
17. Poritz, M.A., H.D. Bernstein, K. Strub, D. Zopf, H. Wilhelm, and P. Walter, 
1990. An E. coli ribonucleoprotein containing 4.5S RNA resembles mammalian 
signal recognition particle. Science. 250: 1111-1117. 
18. Ribes, V., K. Romisch, A. Giner, B. Dobberstein, and D. Tollevey, 1990. E. coli 
4.5S RNA is part of a ribonucleoprotein particle that has properties related to signal 
recognition particle. Cell. 63: 591-600. 
19. Sambrook, J., E.F. Fritsch, and T. Maniatis, Molecular Cloning: A Laboratory 
Manual. 1989, Cold Spring Harbor, NY.: Cold Spring Harbor Laboratory Press. 
20. Selzer, G., T. Som, T. Itoh, and J. Tomizawa, 1983. The origin of replication of 
plasmid pl5A and comparative studies on the nucleotide sequences around the origin 
of related plasmids. Cell. 32: 119-129. 
21. Silhavy, TJ., M L. Berman, and L.W. Enquist, Experiments with Gene Fusions. 
1984, Cold Spring Harbor, N.Y.: Cold Spring Harbor Press. 
22. Som, T. and J. Tomizawa, 1982. Origin of replication of Escherichia coli plasmid 
RSF1030. Mol. Gen. Genet.. 187: 375-383. 
23. Spratt, B.G., PJ. Hedge, S. te Heesen, A. Edelman, and J.K. Broome-Smith, 
1986. Kanamycin-resistant vectors that are analogues of plasmids pUC8, pUC9, 
EMBL8 and EMBL9. Gene. 41: 337-342. 
24. Tomizawa, J., 1984. Control of ColEl plasmid replication: the process of binding of 
RNA I to the primer transcript. Cell. 38: 861-70. 
25. Tomizawa, J., 1986. Control of ColEl plasmid replication: binding of RNA I to 
RNA II and inhibition of primer formation. Cell. 47: 89-97. 
165 
26. Tomizawa, J., 1990. Control of ColEl plasmid replication. Intermediates in the 
binding of RNA I and RNA H. J Mol Biol. 212: 683-94. 
27. Vieira, J. and J. Messing, 1982. The pUC plasmids, an M13mp7-derived system for 
insertion mutagenesis and sequencing with synthetic universal primers. Gene. 19: 
259-68. 
28. Wang, R.F. and S R. Kushner, 1991. Construction of versatile low-copy-number 
vectors for cloning, sequencing and gene expression in Escherichia coli. Gene. 100: 
195-199. 
29. War ne, SR., CM. Thomas, M.E. Nugent, and W.C.A. Tacon, 1986. Use of a 
modified Escherichia coli trpR gene to obtain tight regulation of high-copy-number 
expression vectors. Gene. 46: 103-112. 
30. Wegrzyn, G., P. Neubauer, S. Krueger, M. Hecker, and K. Taylor, 1991. 
Stringent control of replication of plasmids derived from coliphage 1. Mol. Gen. 
Genet.. 225: 94-98. 
31. Wong, E.M., M.A. Muesing, and B. Polisky, 1982. Temperature-sensitive copy 
number mutants of ColEl are located in an untranslated region of the plasmid 
genome. Proc. Natl. Acad. Sci. USA. 79: 3570-3574. 
32. Yanisch-Perron, C., J. Viera, and J. Messing, 1985. Improved M13 phage 
cloning vectors and host strain: Nucleotide sequence of the M13mpl8 and pUC19 
vectors. Gene. 33: 103-119. 
166 
Figure Legends 
Figure A-l. The ori region of RSF1030, (A) The RSF1030 ori region, including the RNAI 
(antisense) and RNAH (replication primer) transcripts, is schematically shown. The location 
of the C to A transversion responsible for the elevated copy number is also indicated as it 
would appear on the sense strand. (B) The predicted secondary structure of the antisense 
RNAI molecule (20, 26). The arrow indicates the result of the high copy number mutation. 
The stem loop structures I', IT and III' are also labeled. 
Figure A-2. High copy number RSF1030-deri vati ve cloning vectors. Features of the 
plasmids include a number of unique restriction enzyme recognition sites within the lacZcc, 
antibiotic resistance markers imparting resistance to Amp, Cam and Kan; florz'(+); and the 
ori region of the RSF1030 high copy number mutant. 
Figure A-3. Copy number determination of high copy number cloning vectors. Plasmid 
DNA samples were resolved in duplicate and includes pBR322 (lanes 1 and 2); pUC18 (lanes 
3 and 4); pDHA29 (lanes 5 and 6); pACYC184 (lanes 7 and 8); DNA mass ladder (Life 
Technologies) showing the ratio of the size (kb) and quantity of DNA (ng) in each band (lane 
9). Arrow 1 indicates the location of pWSK129 and arrow 2 shows the location of the co­
resident plasmids. Isolation of plasmid DNA and copy number determinations were 
performed as described in the text. 
Figure A-4. Northern blot analysis of 4.5S RNA expression. RNA samples were prepared in 
duplicate from E. coli co-transformed with pFfhlS and pDHC29-A#à (lanes 1 and 2); or 
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pFfhl8bffh and pDHC-j(fs+ (lanes 3 and 4). The location of 4.5S RNA is indicated along with 
the time of exposure of the blots. 
Figure A-5. Western blot analysis of Ffh expression. Ffh protein was detected from cells 
transformed with different combinations of plasmids, as indicated above the blot. Lane 1, 
molecular weight markers with the corresponding values given in kd. Lanes 2-5 represent 
expression of Ffh from pUC18 derivative plasmids while lanes 6-9 are from pBR322 
derivatives, described in the text. The location of the Ffh protein is also shown. 
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